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ABSTRACT OF THE DISSERTATION
Climate, corn, and culture: Modeling paleoenvironmental change and Native American Zea mays
agriculture in Utah at the MCA-LIA transition
by
Marcus James Thomson
Doctor of Philosophy in Geography
University of California, Los Angeles, 2018
Professor Glen Michael MacDonald, Chair
In chapter 1, Fremont Ancestral Puebloan (AP) maize (Zea mays) cumulative growing degree days 
(cGDD) were reconstructed for the years 850-1449 CE by statistically downscaling temperature dailies
from a state-of-the-art, fully coupled climate model (CESM LME). In addition, radiocarbon dates from 
geolocated Fremont artifacts (n=982) used were to map time series of spatially discrete summed 
probability distributions (SPD). Fremont occupation of the Colorado Plateau was shown to coincide 
with warming conditions during the early Medieval Climate Anomaly (MCA), ~850-1050 CE, and 
abandonment with shorter and increasingly variable growing seasons after ~1050 CE. The 
disappearance of Fremont-identified material culture from Utah was shown to coincide with increased 
hydrologic variability on the Colorado Plateau with the transition to the Little Ice Age (LIA, ~1350-1850 
CE). In chapter 2, the downscaled climate model was used to drive a process-based crop model 
(EPIC) to reconstruct maize yields under 7 different crop management strategies for irrigated and non-
irrigated cases. Individual sites were clustered within three separate subregions for analysis (i.e., the 
Great Salt Lake shoreline, the highland Uinta Basin, and an archetypal Fremont canyon occupation at 
Range Creek). All occupations analyzed were caught within the same agro-ecological vise of 
increasing exogenous climatic and endogenous (anthropogenic) soil nutrient degradation, with varying
ii
degrees of intensity. Among the subregions, Range Creek was the most constrained by exogenous 
changes in climate (cooling and increasing variability at the MCA-LIA transition), and the Great Salt 
Lake shoreline the least; but the Great Salt Lake sites were the most sensitive to endogenous soil 
degradation. The methods employed in chapters 1 and 2 are broadly applicable to reconstruct GDD 
and crop yields, especially in other low-technology subsistence dryland agricultural contexts. In 
chapter 3, subfossil chironomid (Insecta: Diptera: Chironomidae) assemblages from sediments were 
analyzed to infer mean July air temperatures for 3 subalpine lakes in Utah. Results showed warm and 
cool periods over the Markagunt Plateau (i.e., the location of Alpine Pond) in southwestern Utah and 
over the Wasatch Plateau (i.e., Blue Lake) in southern central Utah were consistent with those 
expected from other proxy records during the MCA and LIA. (The record for Denise Lake, in the Uinta 
Mountains of northeastern Utah, was discontinuous.) Further, warming over the past century was 
unprecedented over the past 1570 years.
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1 Ancestral Puebloan maize farmers in Utah distribution and cumulative growing degree 
days for maize over Utah between 850-1499 CE based on temperature dailies from a 
statistically downscaled climate model 
 
Abstract 
Ancestral Puebloan (AP) decline in the American Southwest is usually correlated with 
episodic droughts. The impact of temperature changes on the rise and decline during the 
Medieval Climate Anomaly (ca. 850-1350 CE) and transition to the cool, hydrologically variable 
Little Ice Age (ca. 1350-1850 CE) remains an open question. To elucidate the relationship 
between temperature and the rise and decline of the AP peoples (“Fremont”) we statistically 
downscaled the CESM LME climate model to map changes to cumulative growing degree days 
for maize (cGDD, 30/10°C) between 850 and 1449 CE. We compared downscaled 
CESM-derived cGDD changes, and tree-ring derived estimates of precipitation, to local Fremont 
archaeological site occupations from 982-sample radiocarbon-dated artifacts mapped as 
spatially discrete, chronologically summed probability distributions (SPDs). We found (1) high 
Fremont occupation intensity coincident with high but low-variability cGDD, and low occupation 
intensity coincident with, or following, periods of volatile and often low cGDD; (2) intensified 
occupation of high-elevation Colorado Plateau sites during the warm MCA was followed by a 
retreat to lower elevation sites driven by a drop in mean annual temperatures; and (3) these 
occupation changes occurred in spite of the greater temperatures and variability in cGDD at 
low-elevation sites. We speculate that the subsequent observed depopulation of Fremont sites 
may relate, at least in part, to cooling and increased interannual temperature variability with the 
onset of the LIA. 
1 
1.1 Introduction 
Ancestral Puebloans (APs)  were Native American maize (​Zea mays​) farming peoples 1
who flourished throughout the American Southwest for centuries prior to European contact. The 
tradition of maize farming that APs inherited from their forbearers, and passed to their Puebloan 
descendants, was at least 2000 years old in the Southwest by the first century CE (Merrill et al., 
2009), when APs develop a maize landrace to grow in the mesic, temperate uplands such as in 
Utah (Swarts et al., 2017). APs and their forebears adapted to periods of environmental stress 
including multidecadal droughts (Cook, Woodhouse, Eakin, Meko, & Stahle, 2004). In spite of 
their resiliency, APs all but vanish from archaeological view by the middle 15​th​ century CE. Their 
fate is an enduring mystery of pre-European American history; and the details have inspired 
much speculation and debate (Diamond, 2005; Douglass, 1929; Kohler, Kresl, Van West, Carr, 
& Wilshusen, 2000; West & Dean, 2000). Although it is unlikely that climate change led in any 
simple, mechanistic way to overturning the long relationship between APs and their environment 
(Liebmann et al., 2016), changes in climate conditions places constraints on crop productivity, 
as well as farming strategies (Axtell et al., 2002). Due to the importance of maize to Puebloan 
culture and social relations, scholars have invested in various means of estimating maize 
paleoproductivity to reconstruct AP subsistence and sociopolitical organisation (Bocinsky & 
Varien, 2017). Most of the analysis of AP decline has focused on drought and little has been 
done in terms of temperature variations. For our study, we statistically downscaled a climate 
model (Otto-Bliesner et al., 2015) to generate temperature dailies and used these to compute 
cumulative growing degree days (cGDD), an agronomic index for temperature-niche, for maize 
over Utah from 850 CE. We compared these cGDD results to summed probability distributions 
1 Ancestral Puebloan (AP) is meant to signify their probable connection to those whom the 18​th​ century 
Spanish first encountered, the “Pueblo Indians”, such as the people of Hopi and Zuni. 
2 
(SPDs) independently derived from 982 radiocarbon dates on Fremont Culture AP artifacts from 
105 geographically distinct locations in Utah; and we found significant similarities in the spatial 
and temporal patterns of cGDD and SPDs which explain the abandonment of AP sites on the 
northern Colorado Plateau in terms of shorter, and increasingly variable, maize growing 
seasons. 
Fremont is the predominant term used to reference APs in Utah, following Morss (1931) 
who first surveyed archaeological sites along the Fremont River drainage in southern Utah in 
the late 1920s. Scholars were once inclined to see the Fremont as belonging to a "peripheral, 
attenuated manifestation" of the more developed agriculturalist Anasazi  to the south (Aikens, 2
1967). Yet isotopic studies on bones reveal that maize was a dietary staple for the Fremont 
(Coltrain, 1993; Coltrain & Janetski, 2013). C​4​ plants (predominantly maize) accounted for some 
~60-85% of the dietary calories for Fremont from sites spread across Utah (Coltrain, 1993; 
Coltrain & Leavitt, 2002; Ugan & Coltrain, 2012). Archaeologists have since discovered 
hundreds of Fremont sites, in locations which correspond to varied environments from montane 
pinyon-juniper woodlands to alluvial floodplains at the edge of the desert. The higher elevation 
Fremont sites, usually situated along canyon tributaries to major stream drainages of the 
Colorado Plateau, tend to cluster within a band of singleleaf pinyon (​Pinus monophylla​) and 
juniper (​Juniperus osteosperma​) forest, which offered ready access to pinyon nuts and game 
(Kelly, 1997). Lower elevation sites occur along snowmelt streams and wetlands of the eastern 
Great Basin, along the edges of the Great Salt and Utah lakes, and in the broad valleys at the 
Great Basin - Colorado Plateau transition. An unknown number of Fremont sites in the valleys 
most amenable to the European-American style of agriculture were ploughed under by settlers, 
or otherwise lost under development since the 19th century (Wheeler, Humphreys, & Wright, 
2 The term “Anasazi” is a Navajo term long used to describe APs, in the Four Corners and San Juan 
Basin in particular, and is considered pejorative by many Puebloans. 
3 
1875). The subset of sites that remain almost certainly undersamples Fremont sites in general, 
and particularly in the vicinity of modern Utahn communities. 
The importance of maize to the Fremont diet and culture is a marvel to many familiar 
with the harsh conditions Utah provides farmers in the absence of extensive irrigation and 
industrially derived fertilizer. Whereas presently Utahn farmers produce on average some 9 
tonnes of maize for feed and grain per hectare, in 1940 they produced fewer than 2 tonnes/ha; 
and in the 19th century, less than 1 tonne/ha (see SI). European-American farmers developed 
lowland areas, where the growing season is sufficiently long but tends to be too dry for maize, 
without additional sources of water. Therefore, except for abnormally wet years, Utah was 
historically considered marginal for maize cropping (Harris, Jensen, & Bracken, 1920; Walker, 
1883; Wenda & Hanks, 1981). Further, compared to other Native American agriculturalists in 
the Southwest, Fremont irrigation was rudimentary, likely not more than rough channels and 
weirs to redirect low-energy water flows (Boomgarden, 2015; Metcalfe & Larrabee, 1985; 
Simms, 2016). Fremont subsistence strategies were undoubtedly different than those employed 
by pioneer farmers. They likely did not expect to produce maize crops every year, relying 
instead on storage in granaries, wild-food foraging, mobility, and possibly networks of trade 
(Hockett & Morgenstein, 2003; Janetski, 2002) which promote resilience in the face of local crop 
failures (Kohler et al., 2012). The Fremont also relied upon technologies, such as “Fremont dent 
corn”, a short-season, drought-resistant land race of maize that is known only from Fremont 
archaeological contexts (Cutler, 2001). The Fremont practiced highly variable, mixed 
farming-foraging subsistence strategies to suit their diverse environments and environmental 
conditions (Madsen & Simms, 1998; Marwitt, 1973; Simms, 1986). 
The period ~800-1150 CE was one of rapid and unprecedented demographic growth 
throughout the Southwest (Simms, 2016). After ~1150 CE, there was an undeniable contraction 
4 
in geographic scale and site occupation intensity of the AP complex throughout the Southwest, 
as well as in social relations, and increased conflict (Haas, 1990; Kohler, Ortman, Grundtisch, 
Fitzpatrick, & Cole, 2014). But among the Fremont were groups whose transitions from maize to 
other modes of subsistence were well underway at least a century earlier (Allison, 2010). Those 
who occupied the wetlands and floodplain of the Great Salt Lake littoral, for instance, gradually 
replaced maize with a complete reliance on wild foods between 850-1150 CE (Coltrain & 
Leavitt, 2002). 
The climatic geography of in Utah is in large part a function of its complex topography. 
Utah is diagonally bisected by the union of the Great Basin and the Colorado Plateau, producing 
a spectacular mountain edifice with over a kilometer of vertical relief, the Wasatch Front, riven 
with stream valleys and canyons which give access to the middle of the continent. In the desert 
Great Basin, summer (hot season) temperature highs routinely above 35°C and lows below 
-8°C, with respective diurnal ranges of about 18.2°C and 16°C. Elevation has a moderating 
effect on hot season temperatures, which tend to be about 15°C cooler and 4°C less variable in 
the uplands than in the desert below, where diurnal fluctuations are large (PRISM Climate 
Group, 2004). Winters (cold seasons) can be bitterly cold even in the basins, with significant 
snow accumulation at high elevation. Cold-season precipitation is the major contributor to 
average precipitation of about 50 mm or more above 2100 m in elevation (PRISM Climate 
Group, 2004). Highland forests of the northern Colorado Plateau depend on winter westerlies 
driving moisture in from the Pacific, most of which overshoots the Great Basin and rains out 
over the Wasatch and Uinta Mountains. The accumulation of winter snowpack over the 
Colorado Plateau for is critical for Utah’s perennial streams, as these transport water into its 
Great Basin population centers around the Great Salt Lake, Utah Lake, and stream valleys on 
the westside of the Wasatch range. A small but important source of hot-season precipitation 
5 
over southern Utah is due to the North American monsoon system (NAMS), an exclusively 
late-summer phenomenon arising from the south (Adams & Comrie, 1997; Higgins, Yao, & 
Wang, 1997; M. Jones, Metcalfe, Davies, & Noren, 2015; Metcalfe, Barron, & Davies, 2015). 
The Colorado Plateau is interlaced with canyon systems, most of which drain into the Colorado 
River and its tributaries. With descent to lower elevations canyon temperatures generally 
increase, but display highly variable soil and microclimatic differences over short geographic 
distances (Burnett Benjamin N., Meyer Grant A., & McFadden Leslie D., 2008; Ronan, Prudic, 
Thodal, & Constantz, 1998). Whereas the intermontane plateaus are sufficiently mesic for mixed 
pine-fir forests, wetland meadows, ponds and small lakes above 1700 m asl, the vegetation of 
canyon systems varies from desert-type succulents to sages to cottonwoods in refugia with 
perennial streams or ephemeral surface water. The limit of the NAMS is presently about 39°N; 
however, the topography of the Colorado Plateau and its orientation continue to wring moisture 
from the atmosphere at high elevation, adding a critical summer pulse to annual precipitation 
north of central Utah. In addition, winter precipitation over the intermontane Southwest can 
contribute to a negative feedback, reducing the strength of the NAMS during the following 
season (Lo & Clark, 2002). 
Between roughly 850-1350 CE, the Northern Hemisphere was warmer than the 
millennial average by about 0.5°C, and this episode is often termed a Medieval "warm period" 
(Christiansen & Ljungqvist, 2012; Mann et al., 2009; Mann, Bradley, & Hughes, 1998; Moberg, 
Sonechkin, Holmgren, Datsenko, & Karlén, 2005). Changes in the climate of the Southwest are 
characterised more by hydrographic drought than by temperature, therefore the term Medieval 
Climate Anomaly (MCA) is preferred after Stine (1994) who noted its coincidence with 
extraordinary drought events. The paleoclimatic record demonstrates that drought conditions 
have episodically struck the Southwest (Asmerom, Polyak, Rasmussen, Burns, & Lachniet, 
6 
2013; Stine, 1994; Woodhouse, Meko, MacDonald, Stahle, & Cook, 2010); and the most severe 
droughts on record were linked to years in which low winter precipitation was followed by a 
weak NAMS (Griffin et al., 2013). The MCA coincided with a period of exceptionally quiescent 
volcanism and a natural uptick in solar irradiance (Bradley, Wanner, & Diaz, 2016), forcing 
mechanisms which likely contributed to its relatively high drought frequency (Ault et al., 2017; 
Metcalfe et al., 2015). The Sierra Nevada on the western edge of the Great Basin, was warm 
during the MCA, with a thermal maximum 1150-1169 CE (Graumlich, 1993). The temperature of 
the Great Basin was consistently even with, or warmer than, the millennial average over the 
MCA (Salzer, Bunn, Graham, & Hughes, 2014). Temperatures over the Colorado Plateau were 
likewise greater during the MCA but relatively more volatile (Salzer & Kipfmueller, 2005). The 
MCA came to a conclusion with the widespread hemispheric cooling of the so called Little Ice 
Age (~1350-1850 CE) during which annual global temperatures declined by about 0.6°C 
(​Bradley & Jonest, 1993​). 
Despite a profound drought in the upper Colorado Plateau and Fremont regions in the 
middle 1100s CE (Meko et al., 2007), the high occupation of Fremont sites and the MCA, as 
well as a subsequent site occupation decline with the onset of the cooler LIA, centuries prior to 
European contact, suggest a correspondence between occupation intensity and higher 
temperatures (T. L. Jones et al., 1999). The MCA-LIA transition was marked by a significant 
increase in interannual hydroclimate variability (Loisel, MacDonald, & Thomson, 2017). The 
upper Colorado River watershed, High variability was also noted for a reconstruction of Weber 
River discharge, which drains the Wasatch mountains in central northern Utah (Bekker et al., 
2014). Reconstructions of stream discharge from the Uinta Mountains indicate that the middle to 
late LIA was anomalously warm and dry, with low variability (Carson & Munroe, 2005; Tingstad 
& MacDonald, 2010). 
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 Figure 1.1. Topography of Utah region from DEM with 800 m spatial resolution with data from 
PRISM (2004). Locations discussed in this paper include (1) the Great Salt Lake (GSL) sites 
from text; (2) the Wasatch Front; (3) the Uinta Mountains and (4) Uinta Basin; (5) the western 
and (6) eastern sides of the Tavaputs Plateau, divided by (8) the Green River; (7) the Range 
Creek (RC) sites; (9) Clear Creek and Five Finger Ridge; (10) the Markagunt Plateau; (11) 
Parowan Valley; (12) Virgin River basin; (13) upper San Juan River basin. 
1.2 Materials and Methods 
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1.2.1 Fremont occupation time-series development  
We used radiocarbon dated artifacts (n = 982) from 105 geographically distinct 
Fremont-identified archaeological sites to map geolocation and time series data for analysis 
(Rick, 1987). Radiocarbon dates were calibrated to 1-sigma (1-𝜎) using the “Intcal13” curve 
(Reimer et al., 2013). This resulted in a series of density weightings for the range of each 
calibrated radiocarbon date. The probability density distribution (PD) is normalized such that for 
each individual calibrated date, the PD sums to unity. PDs for all calibrated dates were 
superposed and summed for all years within the range. 
For each individual artifact at a location  there is an associated probability distributionxi  
summation normalized to unity, viz. 
.∑
τ
t=t0
P it = 1  
The value  is the probability that the artifact's real age is . Ideally, each siteP it t  
occupation ( ) will be evidenced by the presence of multiple artifacts. Holding  constant, wexi t  
sum the values of  to produce a summed probability, , which we take as some function ofP it SP
i
t  
the relative likelihood of occupation of location  at time , viz.xi t  
.SP it = ∑
N
i=1
P it  
The summed probability distribution for each site, , is given by the sum of theSPDi  
summed probability over time, 
SPD i = ∑
τ
t=t0
SP it  
which is renormalized to unity. 
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If SPDs are to be reasonable proxies for occupation intensity, a threshold for occupation 
settlement and abandonment must be determined, as SPD functions themselves may be 
non-zero for the entire period of our analysis. We estimating the fraction of each site’s 
occupation time-series over which the SPD is significant; in other words, the time-series which 
are subtended by 95% (2-𝜎; or 68.4%, 1-𝜎) of the total integral of each site’s SPD. Our algorithm 
finds the maximum value of each site’s SPD and its associated year, and performs a Riemann 
sum of subsequent SPD maxima, keeping track of their associated years, until the desired 
proportion of the total integral of each site’s SPD is reached. We indicate data treated thus as 
SPD​2𝜎​ and SPD​1𝜎​ for 95% and 68.4% confidence interval estimates, respectively. 
1.2.2 Climate model downscaling and growing degree days 
Two meter reference height temperature maxima and minima (TREFHTMX and 
TREFHTMN, respectively) were downscaled for the Community Earth System Model (CESM) 
Last Millennium Ensemble (LME), a fully coupled, state-of-the-art general circulation model for 
the period 850-2005 CE (Otto-Bliesner et al., 2015). Instrumental (i.e., historical) period climate 
data comes from the 4 km-scale (1905-2005) and 800 m-scale 30 year normal (1981-2005 CE) 
daily maximum and minimum temperature (tmin, tmax) and mean precipitation (ppt) (PRISM 
Climate Group, 2004). All data manipulations were performed using R (R Core Team, 2018). 
Bias-correction and spatial downscaling (BCSD) of the general circulation model (GCM) 
is a two-step process (Wood, Leung, Sridhar & Lettenmeier, 2004). GCM bias correction (BC) is 
performed as follows: (1) satellite temperature data from the NCEP-DOE AMIP-II R-2 reanalysis 
dataset (Kanamitsu et al., 2002) was aggregated to CESM pixel-scale; (2) PRISM and CESM 
data within the calibration date range (1948-2005 CE) are grouped by day and passed through 
a quantile mapping algorithm in R (Gudmundsson, 2016); (3) the correction matrix that the 
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quantile mapping algorithm produces is applied to the pre-industrial (850-1849 CE) range of 
CESM LME daily TREFHTMX and TREFHTMN. The next step, spatial downscaling (SD), 
proceeded as follows: (1) rasters for “observed” PRISM daily temperature maxima ( ) andTmax  
minima ( ) were aggregated to CESM-scale and databased as lists; (2) daily bias-correctedTmin  
TREFHTMX and TREFHTMN rasters were compared to each list of aggregated PRISM to 
match the most highly correlated CESM and PRISM rasters and the original, high-resolution 
PRISM raster was swapped in. To account for large scale warming/cooling, downscaled 
temperature residuals were added to a 0.042 by 0.042 deg lon-lat, bilinearly interpolated 
bias-corrected TREFHTMX and TREFHTMN (​Akima & Gebhardt, 2016​). 
Cumulative growing degree days were mapped over the bounded region of interest 
between model-years 850-1499 CE, computed as follows: cGDD for year  were computed asi  
the sum of degree days ( ) over the duration of the growing season,  (computed for aDDj n  
growing season between May 1​st​,  non-leap year julian day equivalent, and October 31​st​,21j = 1  
, of year ), viz.04n = 3 i  
cGDDi = ∑
n
j=121
DDj  
where 
DDj = 2
T +Tmax min − T base  
under the conditions that 
C if C, C if , and C for ​Zea mays​.0°Tmax ≡ 3 0°Tmax > 3 °DDj ≡ 0 2
T +Tmax min < T base 0°T base ≡ 1  
We extracted and averaged cGDD values for the 4 pixels nearest each site-location, 
pairing each geolocated value with the normalized SPD density (between 0 and 1) for the same 
site-location. By doing this, we avoided arbitrarily omitting values proximate in years to 
radiocarbon age centroid positions; and instead we omitted cGDD geolocations whose SPD 
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density fell below a threshold (given by 2-sigma confidence interval, unless otherwise noted). 
This preserved as much information as possible from the radiocarbon calibration step, which we 
desired given the flattening of the calibration curve ca. 1000 14C years BP. 
Maize plants are particularly vulnerable to damage from cold temperatures (Miedema 
1982). Farmers have found that temperatures of -2.22°C and below can be lethal to maize 
plants, even prior to their emergence from the soil (Carter & Hestermann 1990). By summing 
the number of days within the May 1st to October 31st growing season at each site for which 
the minimum daily temperature was below the freezing temperature of water, we made an 
estimate of the number of days that plants may have been exposed to frost. “Frost” and “freeze 
days” (fds and Fds, respectively) over the growing season of year  were defined as the simplei  
sum of model days within the growing season where the minimum temperature was below a 
threshold, viz., 
ℱi = ∑
n
j=121
f j  
where 
 if the downscaled daily °C  for fds and °C for Fds; and  if thef = 1 Tmin ≤ 0 .3Tmin ≤  − 2 f = 0  
respective daily minima were above those thresholds. Frost and freeze days were computed for 
each ensemble member (em2-5) and averaged, resulting in fractional “Fds” and “fds”. 
1.2.3 Precipitation 
We hand-selected watersheds upstream of Fremont sites from a watersheds shapefile 
from the Utah Automated Geographic Reference Center (AGRC, 
https://gis.utah.gov/data/water/watersheds/​). We used these to produce a mask for only 
precipitation which fell within the areas bounded by site-associated watersheds. For annual 
precipitation data, we extracted PPT values from rasters of tree-ring based data (Bocinsky, 
12 
Rush, Kintigh & Kohler, 2016) on the paleoclimate database of the National Oceanic and 
Atmospheric Administration (NOAA,​ ​https://www.ncdc.noaa.gov/paleo-search/study/19783​). For 
site-specific precipitation values, we averaged the extracted raster pixels from all basins 
proximate to the site, reasoning that Fremont mobility effectively merged these watersheds, for 
all years in the record. 
1.3 Results 
1.3.1 Radiocarbon-based significance mapping of Fremont occupations 
The time series (Fig. 2) of the summed probability distribution (SPD) for all Fremont sites 
and low-frequency multiproxy temperature anomalies for the Northern Hemisphere from Moberg 
et al. (2005) are significantly positively correlated: Pearson’s correlation, r = 0.39 (p ≪ 10​-5​), and 
Spearman’s rank correlation, ⍴ = 0.37 (p ≪ 10​-5​), for first differences between 133-1500 CE. 
(For additional tests of time series similarity, see SI.) We expect lags to vary naturally between 
time series due to biases towards greater antiquity for certain artifact materials, the so-called 
“old wood problem”; post-depositional diagenetic changes in material composition; and 
differences between lab procedures, controls, and equipment over the decades during which 
the dates were measured. Yet the shapes of the SPD and the multiproxy temperature 
anomalies shows uncanny similarity to time series of the general northern hemisphere 
temperature anomaly pattern of the MCA. 
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 Figure 1.2. (A) Northern hemisphere temperature anomaly reconstruction (Moberg et al., 2005); 
(B) normalized summed probability distribution of 2-sigma calibrated radiocarbon ages (n=982) 
of Fremont-identified archaeological sites (n=105) in Utah. 
 
Between ~700-899 CE, Fremont populations were small and distributed across the 
eastern Great Basin and western Colorado Plateau, Uinta Basin and Great Salt Lake regions 
(Fig. 3A). Over the same period, the pattern of local SPD growth and decline (Fig. 3B) suggests 
transient populations but contained within the Uinta Basin. Interestingly, SPD (i.e., population) 
instability was the norm. After ~900 CE, occupations grow in the broad river valleys of central 
Utah, where climatic conditions are moderate and water is accessible year-round; and decline in 
the drier Uinta Basin. By the late 1100s CE, especially on the northern Colorado Plateau, the 
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temporospatial pattern of SPD changes suggests emigration from the area (or, alternatively, a 
transition to less archaeologically visible modes of subsistence). The coeval growth of SPDs at 
lower-elevation sites raises the possibility of immigration and site aggregation seen in other AP 
domains (Adler, Van Pool, & Leonard, 1996). Between ~1050-1150 CE SPDs ceased to grow 
throughout most of Utah; and afterwards began a trend of general decline. Larger populations 
lingered at sites along the Sevier River and in the Parowan Valley, on an alluvial plain at the 
edge of the Great Basin, and smaller populations continued to exist along the Wasatch Front 
and in Range Creek; however, by 1200 CE, the northern Colorado Plateau was likely absent of 
people practicing formerly common Fremont modes of subsistence. The excellent preservation 
of the Range Creek sites indicates that the latter period of the Fremont occupation, much more 
investment was put into defensive architecture and storage of surplus maize in hidden caches, 
or “granaries”, throughout the canyon. Stable isotopic analysis of Fremont remains have shown 
that maize consumption ceased among Great Salt Lake Fremont by 1150 CE (Coltrain & 
Leavitt, 2002). General SPD growth during the early 1300s CE is consistent with Fig. 2B. The 
growth of SPDs in the GSL region in the 1400s CE may represent a Fremont reoccupation or a 
new occupation by non-AP immigrants from the north (Gunnerson, 1956; Ives, Froese, Janetski, 
Brock, & Ramsey, 2014). 
1.3.2 Relations between variations in temperature and Fremont occupations 
Tree-ring records show dramatic excursions to anomalously low annual temperatures in 
the Great Basin and highland sites and southwestern Colorado Plateau related to general 
cooling and the MCA-LIA transition (Fig. 4A and B) coincident with the abandonment of 
high-elevation sites on the Colorado Plateau. Over the entire Fremont period (~700-1300 CE), 
trends for SPD scale and positive growth became more common in the lowlands, particularly 
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along the eastern Great Basin, and decline more common on the Colorado Plateau, resulting in 
a roughly northeast to southwest gradient of occupation intensification
 
Figure 1.3. (A) Relative SPD​2𝜎​ densities by location in 50-yr time-steps. Utah state boundary is 
outlined. The size and opacity of the circles is proportional to SPD density and contains no more 
geographic information than site location, its centroid position. (B) Relative difference in SPD​2𝜎​s 
for each site location (blue for growth, red for decline) between subsequent 50-yr time-steps. 
SPDs were generated using calibrated radiocarbon ages (n=982) from distinct LON-LAT 
locations (n=105). The size of the circles is proportional to SPD density, scaled as (𝛴SPD​2𝜎​k+1​ - 
𝛴SPD​2𝜎​k​) / (𝛴SPD​2𝜎​k+1​ + 𝛴SPD​2𝜎​k​), where k represents a single time-step. 
 
When spatially aggregated and plotted in terms of site elevation, SPD changes over the 
Colorado Plateau (Fig. 1.4D) revealed the correspondence between high-elevation occupation 
and the early MCA, and high-elevation abandonment coincident with a series of 
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cold-temperature excursions at the MCA-LIA transition (Fig. 1.4B). This is in contrast to the SPD 
changes in the Great Basin sites (Fig. 1.4C), which are stable over the MCA to MCA-LIA 
transition. 
The mean elevation of Fremont occupations of mid-level sites at the eastern edge of the 
Great Basin (Fig. 1.4C), excluding those in the Virgin River watershed as well as in the vicinity 
of the GSL and Utah Lake, increases from 1351 ± 338 m asl during the period ~440-759 CE to 
1511 ± 321 m asl during the period ~760-1149 CE, an ascent of 143-175 meters; and then 1619 
± 307 m asl between ~1150-1449 CE, a further ascent of 95-121 meters. In the GB, the relative 
increase in mean elevation of the Fremont occupation is due to the occupation intensification in 
relatively few sites on the scarp of the GB-CP transition. The mean elevation of Fremont 
occupations of highland sites on the Colorado Plateau (Fig. 1.4D) increases from 1768 ± 240 m 
asl during the period ~440-759 CE to 1833 ± 232 m asl during the period ~760-1149 CE, an 
increase of 77-54 meters; and then falls to 1665 ± 209 m asl between ~1150-1449 CE, a 
descent ​of 152-184 meters. On the CP, the ascent to and occupation of highland sites show 
remarkable correspondence to the end of a protracted cold period (Fig. 1.4B). Likewise, descent 
to lower elevation sites appears to follow a dramatic cooling anomaly ~1100-1150 CE. Crucially, 
at the lower elevation Great Basin sites, where summer temperatures remained sufficiently high 
to grow crops in spite of the anomaly, there is no such effect on occupation elevation; and, in 
fact, the mean elevation of Fremont sites increases by 95-121 meters over the following three 
centuries. (All changes in elevation mentioned above are significant to 95% CI, p ≪ 0.001, by 
paired t-test.) 
 
17 
 Figure 1.4. Tree-ring based reconstructions of mean summer temperature anomalies for (A) the 
Great Basin from Salzer et al. (2014), and z-scores of mean-maximum annual temperature 
compared to the 1000-1996 CE mean for (B) the southern Colorado Plateau in northern Arizona 
from Salzer & Kipfmueller (2005); contrasted with SPD-based Fremont occupation elevation 
distributions in the Great Basin (C) and on the Colorado Plateau (D) in time series between 
440-1480 CE. Elevation distribution means are given by notches and heavy lines; boxes show 
one standard deviation; whiskers show two standard deviations; single plotted points are 
outliers. Red lines are locally weighted lines of best fit. Data for the box plots were derived from 
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SPD​1𝜎​ time series for sites located within bounded regions (longitude > -114.45° and 37° > 
latitude > 41.1° for A; longitude ≤ -114.45° and 37° > latitude > 41.1° for B). Annual SPD​1𝜎​ data 
points were binned by 40 year intervals. Narrow lines in (A) are 2-sigma confidence intervals. 
Elevation data were extracted from an 800 m DEM (36). For the boxplots, 285 ≤ n ≤ 436 
between 440-1200 CE and 42 ≤ n ≤ 194 after 1240 CE, for the CO plateau sites; and 154 ≤ n ≤ 
849, for GB sites. Please see SI for detailed bin population counts. 
1.3.3 Growing degree days, precipitation variations and Fremont maize cultivation 
We used the ensemble mean of statistically downscaled maximum and minimum 
temperature dailies from CESM LME members to compute cumulative growing degree days 
(cGDD) between 850 CE, the first model-year available, to 1449 CE (Fig. 1.5A). Cumulative 
GDD were computed for maize, with a base temperature of 10°C and a maximum temperature 
of 30°C (see Methods); and 21-yr rolling standard deviation of cGDD was used to represent 
growing season variability (Fig. 1.5B). To compare frequencies of site occupation or 
abandonment, the SPD for all Fremont sites (Fig. 1.5C) was disaggregated by site, and the 
earliest and latest SPD​1𝜎​ years were histogrammed in 50-yr bins (Fig. 1.5D). 
(Occupation-abandonment histograms of SPD ​2𝜎​ years are given in SI.) 
Between ~1000-1150 CE, the SPD for all Fremont sites coincides with the period of the 
longest and least variable cGDD in the time series. This suggests that low interannual growing 
season variability was favorable for Fremont occupation. After ~1150 CE, the sudden drop in 
SPD and increase in net site-abandonment frequency, coincided with shortened growing 
season lengths. The most dramatic decline in SPD, ~1250 CE, coincides with a sudden 
excursion to some of the shortest growing seasons in the series. But, if these changes in cGDD 
are significantly causal of changes in occupation, does the small peak in SPD centered at ~910 
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CE, coincident with a cold, relatively volatile period not contradict this? By comparing statistical 
moments (see SI for skewness and kurtosis) between the ~910 CE and ~1150 CE periods, we 
found differences in the character of cGDD behavior: the drops in cGDD after ~1150 CE were 
due to many more growing seasons that were shorter, and more abruptly shortened, than the 
apparent “peak” centered at ~910 CE. 
 
Figure 1.5. (A) Variability, in terms of standard deviation, of CESM-computed cumulative 
growing degree days (cGDD) for all sites in the Fremont database, computed in a 21-year 
moving window. (B) Aggregated summed probability distribution (SPD) for all Fremont sites 
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within SPD​2𝜎​ and SPD​1𝜎​ determined bounds, overlaid by LOESS models. (C) Histogram of 
lower- and upper-bounds of time series (i.e., “onset” and “abandonment” dates) for and SPD​1𝜎 
between 850-1449 CE (n = 982). 
 
Figure 1.6 gives the first four statistical moments of the cGDD for all Fremont sites. 
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 Figure 1.6. Here the ensemble means of cGDD computed for all Fremont sites are aligned in 
time-series to show 21-yr rolling trends in statistical moments: (A) deviations (z-score) from 
860-1449 CE averages (see S1 for a histogram of sites’ averages); (B) volatility (standard 
deviation, as in figure 4A); (C) skewness; and (D) kurtosis. 
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 Frost is a threat to plants which have emerged from the soil, and in particular to young 
shoots, leaves and spikelet growth. Maize plants which experience sub-zero temperatures for 
just tens of minutes risk mortality. We estimated the impacts of CESM-derived low temperatures 
on crops in terms of “frost days” (fds) and “freeze days” (Fds). As compared with cGDD, the 
greater dispersion in the fds and Fds reconstruction (Fig. 1.7) is explained by the exclusion of 
hot and cold extrema in the cGDD calculation (see Methods). Comparing differences in Fig. 
1.7A and 1.7B, noteworthy features are: (1) during the early period of the simulation (~850-1000 
CE), fds are more evenly distributed across all sites than Fds; and the excursions at ~1005 and 
1040 CE indicate that while temperatures were generally warmer in both cases, the dispersion 
seen in cGDD (figure 1.6A) is likely a consequence of relatively more cold days ~1040 CE. This 
is supported by negative skewness of the cGDD profiles (Fig. 1.6C). 
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 Figure 1.7. The difference between the 21-year rolling average of counted days within the 
growing season (1 May to 31 October) for each site and its local 850-1449 CE ensemble mean 
for which the minimum daily temperature was 0°C or below (A) and -2.22°C of below (B), 
thresholds seen to threaten crop quality due to leaf damage and crop mortality due to rhizome 
damage. 
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The Upper Colorado River Basin is the most important in the Southwest. Meko et al. 
(2007) used tree-rings to reconstruct the last ~1.2 ka of stream discharge anomalies as 
compared to the modern average. 
 
Figure 1.8. Reconstructed stream discharge standard deviation (21-yr trend) for rivers of the 
Upper Colorado River Basin. Black lines are ensemble mean. Bottom plot is ensemble mean 
minus the average value of the entire series. Data: Meko et al. (2007). The late-MCA is 
relatively quiescent compared to the MCA-LIA transition period. 
 
Further, we found that interannual variability in mean annual precipitation (Fig. 1.9B) to 
be anomalously high, compared to the 2000 year average, at the MCA-LIA transition, roughly 
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1200-1400 CE. Fremont maize farmers on the Colorado Plateau, who had been compelled to 
relocate to lower elevations by reduced and more variable cGDD the previous century, would 
have likely experienced this as unfamiliar variability in soil moisture; and when combined with 
anomalously high precipitation (Fig. 1.6A), more frequent stream exceedance; and when 
combined with greater warm-season storm events, flash flooding. 
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Figure 1.9. (A) Precipitation over Fremont sites, with opacity scaled by local SPD, from a 
2000-yr tree-ring based reconstruction (Bocinsky, Rush, Kintigh, & Kohler, 2016). Precipitation 
means were computed from only those cells captured within stream basins containing Fremont 
sites. (B) Anomalies in precipitation volatility based on a tree-ring based reconstruction of 
stream discharge on the upper Colorado River basin (Meko et al., 2007). Above zero means 
anomalously variable interannual precipitation; below zero means anomalously non-variable 
interannual precipitation. (C) Summed probability distribution for all Fremont sites. 
1.4 Discussion 
1.4.1 Occupation changes on the Colorado Plateau 
Conditions for maize farming in Utah were never ideal for the Fremont. Modern farmers 
within the historic Fremont range depend on artificial fertilizers and sophisticated deliveries of 
irrigation water as strategic tools to produce healthy crops in the face of an environment with 
high diurnal temperature ranges and vapor pressure deficit, limited and variable precipitation, 
nutrient-poor soil, high risk of early-season frosts, and pests (Creech et al., 2015). The Fremont 
strategy was necessarily different, but also capable of supporting prolonged presence of the 
culture in Utah. Their presence on the landscape was ever dynamic: they moved often and 
rarely remained in place for more than a few generations. This was particularly so among the 
settlements of the Colorado Plateau, where Fremont occupations were relatively short and 
transient. Having experienced centuries of climatic variation in the Southwest, local migrations 
and transient site occupations were likely the norm — adaptation was the predominant Fremont 
strategy (Madsen & Simms, 1998). When the Fremont relocated to upland sites on the Colorado 
Plateau after ~700 CE, it was in the context of the onset of the warm, dry MCA. Longer growing 
seasons was a likely pull-factor drawing maize farmers into the mesic highlands; and increasing 
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aridity at lower elevation sites was a likely push-factor driving occupations to higher elevations. 
The highest mean site elevation occurs ~1100 CE, coincident with the warmest period of the 
Northern Hemisphere MCA; and the pattern of relocation to lower elevation sites after ~1150 CE 
is consistent with a response to regional cooling. However, the Fremont did not abandon lower 
elevation sites during the MCA. On the contrary, many chose to stay and even intensity certain 
occupations of the broad valleys at the edge of the Great Basin and Colorado Plateau during 
the MCA. These sites tend to occur along permanent streams; and furthermore, these former 
Fremont village sites were where European-American settlers established their towns, no doubt 
drawn by similar agrarian conditions. 
By the 1100s, most Fremont likely consumed as much maize as a proportion of their diet 
as their AP neighbors in modern Colorado, New Mexico, and Arizona (Simms, 2016). Warm and 
stable temperature conditions were preferred to variable conditions, even when the mean cGDD 
was well above that necessary for short-season maize. By the middle 1100s, more frequent cold 
years (which reduced growing season length, and increased the frequency of early and 
late-season frosts) reduced crop productivity, and significantly greater interannual to decadal 
variability in mean annual temperature and growing season length raised the risk of crop loss. 
This would have been felt most keenly on the Colorado Plateau; and just to maintain 
productivity, committed maize farmers would have been compelled to relocate, either into 
canyon-based microenvironments, or out of the region entirely, such as to the western Colorado 
Plateau. One such canyon, Range Creek, maize farming probably commenced after 900 CE 
and was abandoned before 1200 CE, likely by 1150 CE. 
On the Colorado Plateau, lower elevation sites tend to be deeper within canyons, a 
mixed blessing for farmers who depend on precipitation for soil moisture. Crops grown in 
canyons are physically defensible from predation by large and medium sized grazers (e.g., mule 
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deer) and other humans. Desert canyons moderate extremes of temperature: canyon floors may 
be several degrees cooler relative to the exposed massif above, depending on aspect, 
orientation, or the presence of water and vegetation; concentrate surface water runoff; and offer 
relatively deep, rich alluvial soils for planting. In drainages fed by melt from consistent 
snowpack, soil moisture is relatively dependable; moreover, larger effective catchments above 
the farming site deliver greater discharges after precipitation events. However, canyons are also 
at much higher risk of flash flooding. The risk only increases as one descends in elevation along 
a stream channel, because the effective stream drainage basin increases in size. This is 
exacerbated in the arid Southwest during periods of drought or widely spaced pluvials, when 
plant dieback limits the surface water absorption and enhances flood intensity. It may also alter 
the seasonality of water availability: a greater dependence on meltwater, particularly in low 
snowpack periods, would likely force farmers to plant earlier in the season. 
At Range Creek, for example, it would have been challenging to grow maize in the upper 
reaches of the canyon system at any point during the occupation, where low mean cGDD would 
hamper maturation of even short-season maize varieties. But an even greater problem may 
have been early season freezes, as maize rhizomes and new shoots are mortally vulnerable to 
low soil temperature in the early stage of growth. Fremont maize farmers at Range Creek were 
optimizing between high-elevation sites for sufficient water access and low-elevation sites for 
sufficiently many growing degree days. By the late-stage Range Creek occupation, they also 
contended with increased flood frequency (Rittenour, Coats, & Metcalfe, 2015). These dueling 
pressures, temperature stress at high-elevations, and drought or flood risk at low-elevations, 
amounted to an ecological vise for Colorado Plateau maize farmers. 
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1.4.2 Occupation changes in the Great Basin 
The landscape of the eastern Great Salt Lake littoral is well supplied by meltwater 
streams draining the western slopes of the Wasatch Front. While it also experiences extremes 
of temperature and unpredictable sudden frosts at the shoulders of the warm season, partly due 
to the relatively low elevation and lack of relief, the Great Salt Lake region supported significant 
Native American occupations, pursuing a variety of subsistence strategies, until at least the 16th 
century CE. The population grew markedly during the Fremont period between 400-1300 CE, 
climaxing ~900-1200 CE (Simms, 2002). But this was not merely due to intensified agricultural 
production. On the contrary, isotopic analyses on GSL Fremont bones indicate that a general 
decline in maize consumption was underway by 850 CE, and by 1150 CE maize was likely 
absent from their diet (Coltrain & Leavitt, 2002). When Steward (1937) surveyed the region for 
his early ethnographic studies on the non-agricultural Shoshoni peoples, he estimated that even 
the most fertile spots in the upland Great Basin supported about one person every 2 square 
miles (~5 km​2​); and noted that, consequently, groups were small, mobile, and familial. GSL 
Fremont groups were likely similarly organised: ancient DNA indicates that GSL Fremont 
populations at the Bear River and Levee sites were small and genetically isolated from outside 
populations (Parr, Carlyle, & O’Rourke, 1996). GSL Fremont were mobile foragers, particularly 
the men whose bones show signs of morphological change associated with walking long 
distances over rough ground (Ruff, 1999). Therefore, it is likely that the women, at least, 
remained within proscribed ranges, and made little contact with outsiders. Bone isotopes show 
that maize consumption varied from 35-70% among GSL site occupants who showed equivalent 
genetic dispersion and apparent social status (Simms, 2002). Although crops may have failed in 
particularly cold years, on average the GSL Fremont did not likely face a significant temperature 
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barrier to maize crops over the growing season. Provided they could maintain good access to 
water and arable land, maize-farmers on the Great Salt Lake littoral were among the least 
vulnerable to mean annual cooling at the MCA-LIA transition of the subregions we analysed. 
The GSL Fremont occupation corresponded to a period of exceptionally consistent interannual 
growing season lengths; and, according to the SPD, their population peaked at least a decade 
prior to the noted increase in cGDD volatility. The rich and diverse ecosystem of the GSL littoral 
produced valuable resources for foragers, such as fish, waterfowl, bulrush, and tubers, whose 
appearance and abundance varied strongly with season (Simms, 2002). And the scale of 
human-habitable landscape changed dramatically along the GSL littoral in response to local 
precipitation, seasonal runoff, evaporation, and wind which can drive water level at the shore up 
more than 2 m above standing lake level (Atwood, 1994). The entire landscape on which the 
GSL sites were found has repeatedly flooded since the mid-19th century, when record-keeping 
began (Arnow & Stephens, 1990). 
1.4.3 Synthesis 
Between ~850-1100 CE, more sites were settled than abandoned, but only just — 
across the Fremont range, it was a period first of movement and transition, second of growth of 
populations. Following ~1100-1150 CE was a nearly wholesale abandonment of Fremont sites, 
culminating before the end of the 1200s. Prior to ~1100 CE, the Fremont were growing their 
population and range; after ~1100 CE, there were more people occupying fewer sites; and by 
the middle 1200s, their overall population had peaked or was falling into decline. This may have 
been due to intrinsic population growth at the sites most favorable to occupation, or due to 
immigration from outlying sites as they were abandoned. Fossil faunal assemblages from 
Fremont occupations show that the most desirable game declined over time, likely as a result of 
32 
population pressure (Janetski, 1997). This pattern of population contraction and centralization 
may also represent a change in social conditions. The pre-1100 CE pattern may be explained in 
terms of exploration and experimentation: transient Fremont foragers move across the 
landscape, planting maize where appropriate, and gauging the sites’ fecundity over time. Thus 
isolated canyons with unpredictably maize-appropriate microenvironments were colonized and 
occupied. After the middle 1100s CE, shortening growing seasons on the Colorado Plateau 
likely frustrated the establishment of any new sites for maize cropping. 
Temperature is clearly a part of the story. In the desert Southwest, water must be 
another. Fremont sites are characterized by proximity to surface water sources. Although 
neighboring AP populations operated sophisticated irrigation systems (Adler, Van Pool & 
Leonard, 1996), direct evidence of Fremont irrigation is scanty (Metcalfe & Larrabee, 1985; 
Boomgarden, 2015; Simms, 2016). Some larger sites are presumed to have been irrigated, and 
the evidence of such may lay buried and undiscovered, or obliterated by time and subsequent 
human activity. Various historiographies of local communities in the region claim that 
anthropogenic ditches existed and were destroyed during the period of Euro-American 
colonization (Morss, 1931; Gunnerson, 1957). Experimental archaeology has demonstrated that 
growing maize at Range Creek is extremely challenging without some method of irrigation 
(Boomgarden, 2015) yet the profit margins, from its construction and maintenance cost, were 
likely very slim (Kuehn, 2014). Between 900-1150 CE, mesic high elevation sites were thermally 
most amenable to maize farming, although this period is bracketed by sudden differences in 
freeze-day frequency which were at least twice as high as during the 900-1150 CE period. 
Technology and investment in irrigation of lower-elevation xeric sites should have released them 
from the elevational (i.e., hydrological) constraint. Our explanation does not preclude other 
factors noted from ethnographic studies of subsistence farmers and migrants; rather, we expect 
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that these occupations and mobilizations were happening in the context of evolving social 
relations within the Fremont occupations themselves, and among the broader AP community. 
The geospatial pattern of Fremont occupation growth and decline shows: (1) population 
decline (or reduction of archaeologically visible Fremont lifeways) at many, widely distributed 
sites throughout the Colorado Plateau prior to ~1050 CE; (2) population growth at few, narrowly 
distributed sites in the Sevier Valley and Parowan after ~1050 CE; (3) a period of simultaneous 
growth and decline at distributed sites prior to ~1100 CE, perhaps as a result of site-cropping 
experimentations; and (4) a general trend towards abandonment of the Colorado Plateau after 
~1100 CE.The fluorescence of occupations through the 1000s and 1100s CE and the 
corresponding pattern in SPD dynamics is what would be expected to follow from a stiffening 
competition for resources and either strong endemic population growth at a few sites and 
decline at many others, migration to growing population centers, or a combination. The net 
number of newly established occupations was greater than the number of abandonments of old 
occupations prior to ~1050 CE; and sometime between 1050-1100 CE, site-abandonments 
became predominant. The most rapid half-century to half-century change in the rate of site 
occupations was a phase of abandonment which coincided with a rapid and sustained regional 
cooling, ~1150 CE. This coincided with an apparent growth of population at few Fremont AP 
sites in the broad, low-elevation valleys at the eastern edge of the Great Basin. Our results 
indicate that regional cooling at the MCA-LIA transition made growing maize on the Colorado 
Plateau too expensive and risky for the Fremont. A crop-model based assessment of maize 
productivity at the MCA-LIA transition is forthcoming (Thomson, Balkovic, Krisztin & MacDonald, 
In review). 
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1.4.4 Wider implications to early agrarian development 
The Uinta Basin contains some of the oldest direct evidence of farming on the Colorado 
Plateau (Madsen & Simms, 1998). Sites in the Uinta Basin were also among the first to be 
completely abandoned by Fremont maize farmers. At Range Creek, the Fremont maize growing 
period was brief but, especially by the 12th century CE, tenacious: the RC Fremont resisted 
displacement by other peoples with new granaries to store seed high on sheer canyon walls, 
occupied defensible sites high on promontories, and set rockfall traps for their enemies; and 
they likely engineered weirs and dykes to capture limited water to support their crops. Yet all of 
What may modern subsistence farmers learn from the Fremont experience? 
The complexity of the Uinta Basin occupation must be seen in the context of a long term 
decline in Fremont material culture productivity (e.g., artifact production) by 850 CE (our initial 
model-year), perhaps as a consequence of demographic decline, migration, changing 
subsistence strategies, or a combination of factors. Nevertheless, the SPD of the Uinta Basin 
occupation, particularly for the less conservative 1-sigma case, displays remarkable 
correspondence to the period of the least variable, and most consistently high, cGDD, 
~1000-1150 CE. 
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2 Simulated impact of climate change on Fremont Native American maize farming in 
Utah, 850-1449 CE, using crop and climate models 
 
Abstract 
The Fremont were members of an expansive maize-based Ancestral Puebloan (AP) cultural 
complex who disappeared from Utah between the 12​th​ and 13​th​ centuries CE. This period 
brackets that of a climatic transition in the Southwest from the warm, dry Medieval Climate 
Anomaly (MCA, ca. 850-1350 CE) to the cool, hydro-climatically variable Little Ice Age (LIA, ca. 
1350-1850 CE). We simulated maize (​Zea mays​) crop productivity for Fremont AP 
archaeological sites in Utah between 850 and 1449 CE using a process-based crop model 
driven by climatologies from a statistically downscaled a climate model. We compared the 
model-simulated crop yields to time-series of archaeological site occupations given by spatially 
discrete, chronologically summed probability distributions (SPDs) of radiocarbon-dated Fremont 
artifacts. We found that the anomalous abandonment of different sites throughout Utah can be 
explained by site-specific combinations of reduced mean yield due to cooler temperatures, 
volatile year-to-year yields due to increasing temperature variability, increasing hydro-climatic 
variability, and loss of soil quality. In other words, we model the elimination of the Fremont AP 
ecological niche by exogenous natural cooling and increasing variability of precipitation at the 
MCA-LIA transition and endogenous degradation of soil from organic carbon and nitrogen loss. 
Our method has broad applicability to contexts of low-technology, dryland farming 
human-environmental interactions. 
2.1 Introduction 
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Ancestral Puebloans (APs) were members of an ancient cultural complex of Native 
American maize-farmers who once occupied large swaths of Arizona, Colorado, Nevada, New 
Mexico, and Utah (hereafter, the Southwest), as well as northern Mexico. APs built some of the 
largest and most architecturally complex structures north of Mexico, leaving behind ruins which 
have inspired theories of “civilizational collapse” for nearly a century. Ever since Douglass 
(1929) explained their disappearance in terms of a “great drouth” found in patterns of ancient 
tree rings that coincided with the last phase of AP Great House building, the question of the AP 
“collapse” has been hotly debated (Diamond, 2005; McAnany & Yoffee, 2010; Tainter, 1988, 
2006). The preponderance of archaeological, palynological, and paleoenvironmental evidence, 
which is generally well constrained by radiocarbon dates and dendrochronology, shows that 
between ~1150-1350 CE: (1) AP cultural complexity declined sharply; (2) AP population range 
and density contracted (Kohler, Varien, Wright, & Kuckelman, 2008); (3) AP distance trade 
networks were disrupted; (4) relative abundances of high-value artiodactyl species are replaced 
by lower value prey fauna (Janetski, 1997); and (5) the period coincided with cooling mean 
annual temperatures and hydro-geographic changes throughout the northern hemisphere 
(Cook, Woodhouse, Eakin, Meko, & Stahle, 2004; Loisel, MacDonald, & Thomson, 2017; Mann 
et al., 2009; Mann, Bradley, & Hughes, 1998; Woodhouse, Meko, MacDonald, Stahle, & Cook, 
2010). These changes occurred regionally throughout the Southwest, although at anomalously 
different rates at sites with apparently similar environmental characteristics. Attempts to 
mechanistically tie site-to-site AP occupation changes to large scale climatic change are not 
broadly accepted. The most successful attempts to fit the available data have used computer 
models to reproduce conditions which bear on rational economic choices that emerge from the 
coupled influence of social, environmental, and climatic stressors (Kohler, Kresl, Van West, 
Carr, & Wilshusen, 2000). We further contribute to this line of approach by evaluating the 
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impacts of ancient climate change on AP maize yield using a process-based crop model driven 
by a statistically downscaled climate model, detailed in Methods. 
Native American APs who inhabited the region of modern Utah, among the canyons and 
valleys at the intersection of the high Colorado Plateau and relatively low-elevation Great Basin 
between ~400-1350 CE, are historically called “the Fremont” after Morss (Morss, 1931), who 
first surveyed archaeological sites in the Fremont River catchment in southern Utah. They 
practiced a variety of subsistence strategies generally based upon farming legumes (​Phaseolus 
spp.), gourds (​Cucurbita​ spp.), and a landrace of maize known as “Fremont dent [corn]”, the 
production and consumption of which is a defining feature of their material culture (Cutler, 2001; 
Ford, 1981; Jennings, 1978). While the Fremont displayed a remarkable capacity to adapt their 
diets to suit their immediate circumstances, foraging foraging for wild foods such as the seeds of 
two-leaf (​Pinus edulis​) and single-leaf piñons (​P. monophylla​), rhizomes of bulrush (​Typha​ spp.), 
fishing and hunting of deer, rodents, and fowl (Madsen & Simms, 1998; Marwitt, 1973; SIMMS, 
1986; Simms, 2016), they relied on maize for a majority of their caloric needs, as isotopic 
studies on Fremont remains indicate (Coltrain & Leavitt, 2002). Indeed, they likely did not expect 
to produce maize crops every year, relying instead on storage in granaries, mobility, and 
possibly networks of trade (Hockett & Morgenstein, 2003; Janetski, 2002) which promote 
resilience in the face of local crop failures (Kohler et al., 2012). 
The Fremont occupied canyon and wash tributaries of major rivers of the Colorado 
Plateau (CP), and valleys of the eastern Great Basin (GB) piedmont, which runs along a roughly 
southwest to northeast diagonal across Utah (see Fig. 1). Highland Fremont sites are 
elevationally clustered between 1700-1850 m, approximately within the modern band of mixed 
piñon-juniper forest which characterizes Utah’s montane (Kelly, 1997). Lindasy (1986) noted 
this correspondence with pine distribution and proposed that there a balance was struck 
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between frost-free days and aridity, as the landscape becomes increasingly xeric with descent 
to lower elevations. It is important to keep in mind, however, that anecdotal evidence of 
widespread destruction of archaeological sites by 19th century pioneer settlers (Wheeler, 
Humphreys, & Wright, 1875), whose descendants now occupy the prime agricultural land, 
suggests that large quantities (perhaps the majority) of archaeological data have been 
destroyed or remain publicly unknown on private land. Range Creek, which has been called the 
most pristine large archaeological site in the United States, reveals a story of Fremont 
occupation which fits the most widespread narrative of AP decline on the Colorado Plateau: the 
Range Creek Fremont cropped alluvial terraces along the upper reach of the canyon, 
~950-1150 CE; into the 1100s, they began occupying defensible positions on high rock 
outcrops, and building maize-cob storage granaries camouflaged and set almost inaccessibly 
into the faces of the canyon walls. 
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 Figure 2.1. Study area with shaded topography. Notable features discussed in this paper 
include: (1) the Great Salt Lake (GSL) subregion; (2) the Wasatch Range; (3) the Uinta 
Mountains; (4) the Uinta Basin (UB) subregion; the (5) western and (6) eastern segments of the 
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Tavaputs Plateau; (7) the Range Creek (RC) subregion; (8) the Sevier River Valley; and (9) the 
Markagunt Plateau. Data: PRISM (2004). 
 
Maize is difficult to grow in Utah in the absence of extensive irrigation infrastructure and 
industrially derived fertilizer, even for farmers during the historical period who had access to 
draft animals and ploughs. Whereas presently the average Utahn farmer produces some 9 
tonnes of maize for feed and grain per hectare, in 1940 farmers produced fewer than 2 
tonnes/ha, and in the 19th century, fewer than 1 tonne/ha (see table and figure in SI). Therefore, 
except for abnormally wet years, Utah was historically considered marginal for maize cropping 
(Harris, Jensen, & Bracken, 1920; Walker, 1883; Wenda & Hanks, 1981). Further, Fremont 
irrigation was rudimentary, likely not more than rough channels and weirs to redirect low-energy 
water flows (Boomgarden, 2014; Metcalfe & Larrabee, 1985; Simms, 2016). 
The period of most intense Fremont occupation (ca. 1000-1100 CE) occurred when the 
Northern Hemisphere was warmer than the millennial average by about 0.5°C (Christiansen & 
Ljungqvist, 2012; Mann et al., 2009, 1998; Moberg, Sonechkin, Holmgren, Datsenko, & Karlén, 
2005) Because changes in the Medieval-era climate of the Southwest are understood more by 
hydrographic drought than by temperature, the term Medieval Climate Anomaly (MCA, 
~850-1350 CE) is used here to describe this period after Stine (Stine, 1994), who noted its 
coincidence with extraordinary drought events. Perhaps the long-term focus on the role of the 
warm MCA and drought is why relatively few scholars have noted the correspondence between 
denudation of the AP occupation and the onset of the cooler and wetter “Little Ice Age” (LIA; 
~1350-1850 CE). A drop in mean annual temperature at the MCA-LIA transition was more 
keenly felt on the highland Colorado Plateau, where many Fremont lived, than in the warm, dry 
Great Basin (Salzer, Bunn, Graham, & Hughes, 2014; Salzer & Kipfmueller, 2005). 
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Over the past two millennia, drought conditions have been an episodically marked 
feature of the Southwest (Asmerom, Polyak, Rasmussen, Burns, & Lachniet, 2013; MacDonald, 
2007; Stine, 1994; Woodhouse et al., 2010). The most severe droughts on record were linked to 
years in which low winter precipitation was followed by a weak North American Monsoon 
system, NAMS (Griffin et al., 2013). The MCA coincided with a period of exceptionally quiescent 
volcanism and a natural uptick in solar irradiance (Bradley, Wanner, & Diaz, 2016), and cooling 
in the eastern Pacific Ocean (MacDonald et al., 2008), forcing mechanisms which likely 
contributed to its relatively high drought frequency (Ault et al., 2017; Metcalfe, Barron, & Davies, 
2015). 
The Sierra Nevada on the western edge of the Great Basin, was warm during the MCA, 
with a thermal maximum 1150-1169 CE (Graumlich, 1993). The Great Basin temperatures were 
consistently equal to or warmer than the millennial average over the MCA (Reinemann, 
Porinchu, MacDonald, Mark, & DeGrand, 2014; Salzer et al., 2014). Temperatures over the 
Colorado Plateau (Fig. 2) were likewise greater during the MCA but relatively more volatile 
(Salzer & Kipfmueller, 2005). 
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 Figure 2.2. Tree-ring-based paleotemperature reconstructions for: (A) the Northern Hemisphere 
from (Moberg et al., 2005) with MCA (850-1350) and LIA (1350-1850) emphasized; (B) the 
Great Basin from (Salzer et al., 2014); and (C) Navajo Mountain and Canyon de Chelly on the 
southern Colorado Plateau in northern Arizona from (Salzer & Kipfmueller, 2005). Broad lines in 
(A) are low-frequency trends from (Moberg et al., 2005) and in (B) are 21-year rolling means. 
Narrow lines in (A) and (B) are 2-sigma confidence intervals. 
2.2 Regional setting 
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The geographic variations in climate in Utah has much to do with its complex 
topography. Utah is diagonally bisected by the union of the Great Basin and the Colorado 
Plateau, whose edge is a spectacular edifice of montane plateaus, riven with canyons and 
divided by valleys which give access to the high middle of the American continent. In the desert 
Great Basin, summer (or “hot season”) temperature highs routinely above 35°C and lows below 
-8°C, with respective diurnal ranges of about 18.2°C and 16°C. Elevation has a moderating 
effect on hot season temperatures, which tend to be about 15°C cooler and 4°C less variable 
than in the desert below, where diurnal fluctuations are large. Winters (cold seasons) can be 
bitterly frigid even in the basins, with significant snow accumulation at high elevation. 
Cold-season precipitation is the major contributor to average precipitation of about 50 mm or 
more above 2100 m in elevation. Highland forests of the northern Colorado Plateau depend on 
winter westerlies driving moisture in from the Pacific, most of which overshoots the Great Basin 
and rains out over the Wasatch and Uinta Mountains. The accumulation of winter snowpack 
over the Colorado Plateau for is critical for Utah’s perennial streams, as these transport water 
into its Great Basin population centers around the Great Salt Lake, Utah Lake, and stream 
valleys on the back side of the Wasatch range. A small but important source of hot-season 
precipitation over southern Utah is due to the NAMS, an exclusively late-summer phenomenon 
arising from the south (Adams & Comrie, 1997; Higgins, Yao, & Wang, 1997; Jones, Metcalfe, 
Davies, & Noren, 2015; Metcalfe et al., 2015). The Colorado Plateau is interlaced with canyon 
systems, most of which drain into the Colorado River and its tributaries. With descent to lower 
elevations canyon temperatures generally increase, but display highly variable soil and 
microclimatic differences over short geographic distances (Burnett, Meyer, & McFadden, 2008; 
Ronan, Prudic, Thodal, & Constantz, 1998). Whereas the intermontane plateaus are sufficiently 
mesic for mixed pine-fir forests, wetland meadows, ponds and small lakes above 1700 m asl, 
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the vegetation of canyon systems varies from desert-type shrub and herb dominated vegetation 
to sages to cottonwoods in mesic refugia with perennial streams or ephemeral surface water. 
The limit of the NAMS is presently about 39°N; however, the topography of the Colorado 
Plateau and its orientation continue to wring moisture from the atmosphere at high elevation, 
adding a critical summer pulse to annual precipitation north of central Utah. Entering the 
MCA-LIA transition, the geographic scale and strength of the NAMS may have been enhanced 
(Miller et al., 2010), raising the risk of flash floods in low-lying or constrained canyon 
environments. In addition, winter precipitation over the intermontane Southwest can contribute 
to a negative feedback, reducing the strength of the NAMS during the following season (Griffin 
et al., 2013; Lo & Clark, 2002). 
2.3 Materials and Methods 
2.3.1 Production of occupation time-series 
For each individual artifact (n=982) at a location  (i = 107) there is an associatedxi  
probability distribution summation normalized to unity, viz. 
.∑
τ
t=t0
P it = 1  
The value  is the probability that the artifact's real age is . Ideally, each siteP it t  
occupation ( ) will be evidenced by the presence of multiple artifacts. Holding  constant, wexi t  
sum the values of  to produce a summed probability, , which we take as some function ofP it SP
i
t  
the relative likelihood of occupation of location  at time , viz.xi t  
.SP it = ∑
N
i=1
P it  
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The summed probability distribution for each site, , is given by the sum of theSPDi  
summed probability over time, 
SPD i = ∑
τ
t=t0
SP it  
which is renormalized to unity. 
If SPDs are to be reasonable proxies for occupation intensity, a threshold for occupation 
settlement and abandonment must be determined, as SPD functions themselves may be 
non-zero for the entire period of our analysis. We estimating the fraction of each site’s 
occupation time-series over which the SPD is significant; in other words, the time-series which 
are subtended by 95% (2-𝜎; or 68.4%, 1-𝜎) of the total integral of each site’s SPD. Our algorithm 
finds the maximum value of each site’s SPD and its associated year, and performs a Riemann 
sum of subsequent SPD maxima, keeping track of their associated years, until the desired 
proportion of the total integral of each site’s SPD is reached. We indicate data treated thus as 
SPD​2𝜎​ and SPD​1𝜎​ for 95% and 68.4% confidence interval estimates, respectively. 
Finally, we were missing several pieces of information from the Range Creek sites. As a 
result, we treated the data differently and did not include it in the aggregated analyses shown 
previously. We do not have uncalibrated radiocarbon ages for the 21 direct maize dates from 
Range Creek; so we estimated SPDs for each as normally distributed probability distribution 
functions whose means and standard deviations were given by the calibrated ages. 
2.3.2 Statistical downscaling and maize crop simulations 
The Community Earth System Model (CESM) is a fully coupled land-sea-atmosphere 
general circulation model (GCM) with hind-casted climatologies for the pre-Industrial (850 to 
1849 CE) and Industrial (1850 to 2005 CE) periods for the Last Millennium Ensemble 
experiment (Otto-Bliesner et al., 2015). We followed a two-stage procedure to statistically 
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downscale, bias correction and spatial disaggregation (Wood, Leung, Sridhar, & Lettenmaier, 
2004). Bias-correction (BC) of CESM dailies of total precipitation and reference height 
temperature was performed by quantile mapping with the gridded precipitation and temperature 
fields (see SI) from the NCEP-DOE Reanalysis 2 dataset . Spot-checking found bias-corrected 3
precipitation and temperature dailies to be in good agreement with station-based observations 
over the modern instrumental record. For the spatial disaggregation (SD) of the GCM 
temperature field, we interpolated the bias-corrected reference-height (2 m) surface temperature 
maximum (TREFHTMAX) and minimum (TREFHTMIN) fields (​Akima & Gebhardt, 2016​) and 
summed these with the residuals (see SI) of daily climatologies from the Parameter elevation 
Regression on Independent Slopes (PRISM) model, a semi-empirical gridded interpolation of 
station-based climate data (PRISM Climate Group, 2004). For precipitation, we aggregated (i.e., 
spatially “upscaled”) PRISM precipitation dailies to CESM-spatial scale and associated the 
patterns between BC CESM and aggregated PRISM dailies by simple Pearson correlation. If 
the correlation test failed, which occurs on very low precipitation days, root mean-squared error 
(RMSE) was used as a secondary test. Aggregated PRISM dailies are ranked and the highest 
ranked PRISM daily (i.e., that which most closely resembles the distribution of precipitation from 
CESM) is substituted for its aggregate. This method downscales the frequency and spatial 
distribution of precipitation predicted by CESM, but it does not rescale the magnitude. 
For maize yield estimates, we used the Environmental Policy Integrated Climate (EPIC) 
model (Williams, Jones, Kiniry, & Spanel, 1989). EPIC is a soil productivity model that we 
adapted with Southwest Native American maize farming parameters and environment files 
driven by downscaled daily temperature maxima and minima, total precipitation and shortwave 
radiation from CESM, and with annual atmospheric CO​2​ concentration from the Law Dome 
3 NCEP_Reanalysis 2 data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their 
Web site at http://www.esrl.noaa.gov/psd/ 
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Greenland ice core record (MacFarling Meure et al., 2006). We ran seven different crop rotation 
strategies (see supplementary table S1), under 16 different condition-sets (see SI), each for the 
first and second highest productivity soils near each site. Yield estimates corresponded to a 
recovery of 25% of the aboveground biomass grown during a simulated year. Yields for all sites, 
strategies, and conditional-cases were repeated for ten iterations, with the sequence order 
permuted by one simulation-year each time, and the results averaged. EPIC uses precipitation 
dailies, then computes runoff and daily infiltration to contribute water to biomass growth. Thus, 
we could not control the scheduling of watering within the simulations, and set the model up to 
compute a range between “dry” rain-fed (RFD) and “wet” irrigated (IRR) cases. In the “dry” case, 
once EPIC uses up its daily water budget, it ceases to grow any more that day regardless of 
temperature or light conditions. In the “wet” case, EPIC adds water to the simulation once its 
daily budget is used up, until the annual water budget is used up. In other words, the “wet” 
simulations allow for a small reservoir of cold-season water (mimicking, though not directly 
modelling, snowmelt), canyon soil-moisture storage, or anthropogenic crop watering. Thus, they 
are likely a better representation of growing conditions overall than the “dry” simulations. 
Further, EPIC soil characteristics are based on a gridded soil map based on the 
Harmonized World Soil Database (Nachtergaele et al., 2009) with up to 20 soil types, given by 
percentage per pixel. We did not have data on precisely which soils the Fremont were tilling. We 
proceeded on the assumption that the Fremont favored the most productive soils, but since we 
could not locate these precisely to confirm that they could be practicably farmed for maize, the 
simulation results were computed for all soil types for each location, we simulated yields for all 
soil types and derived our results as a weighted mean of these. Start-years for EPIC runs were 
determined algorithmically, as the lowest calendar year value of the SPD​2σ​ or, 850 CE if the 
calendar year value was less than the earliest CESM calendar year (i.e., 850 CE). Our setup of 
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iteration sequences for occupation start-years of 850 CE actually started some simulations prior 
to 850 CE. For these cases, a further 3650 days (i.e., 840-849 CE) were added to the start of 
the climatology sequence by resampling same-day temperature and precipitation from the 
850-949 CE reconstruction. 
 
 
Figure 2.3. Workflow schematic showing the relationships between datasets (left hand side, light 
grey background) and the products we generated (dark grey background). EPIC simulations 
subscripted by ​n​ indicate runs for which conditions were modified, such as by different crop 
rotation strategies. Intermediate text boxes (violet background) indicate scripting steps in R and, 
for EPIC, Microsoft Access. (For growing season lengths, see SI.) 
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2.3.3 Yield curves and correspondence testing with SPDs 
Our procedure generated combined cropping-occupation datasets (see SI for examples); 
i.e., crop yield curves and summed probability distributions (SPDs) for each Fremont site 
(excluding Range Creek, for reasons stated above). We noticed common (but not universal) 
features among our simulation results: most of the simulated yields declined over time; and 
many of the SPDs had topologies that coincided with features seen in the crop yield curves. We 
carried out several tests to quantify yield changes and yield-SPD correspondence, two of which 
appear in the Results section (see SI for additional tests). 
First, we compared the cumulative maize yield over the first century (years 1-100) of 
occupation to that over the second century (years 101-200), and computed the percent 
difference. We computed cumulative maize yields as the sum of the ensemble mean maize yield 
for each management strategy, beginning with the simulation/SPD​2σ​ start-date. These data 
show the potential change in crop productivity over a 200-year occupation period. 
Next, we determined Spearman’s rank correlation coefficient (⍴) within a 75-year rolling 
subset of the time series shared by a site’s yield curve and SPD. The test indicated whether 
75-year subsets of both series were moving concordantly or divergently. The purpose of this 
test was to determine at what point in the time series they grew more or less coupled. We 
hypothesized that, if food stress caused population pressure, the coupling between the yield 
and SPD curves would be strongest during the latter part of the occupation; that is, if population 
size was inhibited by lack of available maize, ⍴ would increase in time. Through ad hoc testing 
of the stability of ⍴ for different window sizes and time series (i.e., “⍴-series”), we determined to 
use hard cut-off dates for each subregion based on the number of SPDs available, as we found 
that these led to spurious results based on too few SPDs. We generated fourteen ⍴-series for 
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each site (i.e., one for each of seven management strategies for both “dry” and “wet” conditions) 
within each subregion. We treated the dozens of ⍴-series as ensembles for each subregion and 
used an ensemble mean for each management strategy to produce linear trend lines. These 
data suggest the relative importance of mean yield or yield volatility to SPD, and indicate points 
of departure (i.e., “coupling” and “uncoupling”) in the time-series. 
2.4 Results 
We found that, in general, maize yields (maxima  1 tonne/ha for GSL and the best RC 
sites;  0.3 t/ha for the UB sites) were modest by modern standards, but in good agreement with 
the earliest recorded yields for Utah (~1-2 tonnes/ha; see SI). Yields were suppressed by a 
variety of conditions in the simulations, but commonly because of aridity, poor soil nutrient 
profile, and occasionally low temperatures. In short, sufficiently warm areas tended to be too dry 
for good crops; sufficiently mesic areas tended to suffer short growing seasons. Yields declined 
most rapidly in well-watered areas due to a combination of high initial yields stripping nitrogen 
and phosphorus from soils, and the leaching nutrients from the root-zone without replenishment. 
Sites that exhibited the longest Fremont occupations were usually able to sustain relatively 
constant crop yields. We present our detailed results by subregion. Except for Fig. 2.8 for RC, 
all plots in this section were generated from “wet” simulation data. See SI for the corresponding 
“dry” simulation plots. 
2.4.1 Subregions 
2.4.1.1 Great Salt Lake (GSL) 
In the Great Salt Lake (GSL) littoral, there is little topographic relief on the floodplain, but, 
unlike many of the canyon sites, there is year-round stream water access; and temperatures 
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tend to be mild, with ample time during the growing season to produce Fremont maize. Fig. 2.4 
shows the mean yield, in tonnes per hectare, for GSL Fremont sites. Mean productivity strongly 
depends on management strategy; the cumulative choices of crop spacing; seed-planting depth; 
nitrogen fertilization; and the schedule of seeding and letting plots fallow (see SI for 
management strategy details). For the GSL Fremont, the IC2 and IC4 intensive, and MC1 and 
MC2 mixed, cropping strategies produce ~1 t/ha of maize over the first few seasons; but IC2 
and MC4 rapidly decline (among the most rapidly of any we simulated in Utah). The volatility of 
the yield was represented by 21-year rolling standard deviation of the ensemble mean yield. We 
found a remarkable correspondence between the yield volatility and the shape of SPDs at many 
sites throughout Utah, as can be seen for the GSL sites in the bottom panels of fig. 2.4; and we 
therefore analyzed the geometric correspondence of the yield, yield volatility, and SPD curves 
(see figs. 2.10 and 2.11). 
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 Figure 2.4. Combined cropping-occupation plot for GSL Fremont. Mean yield and 21-yr rolling 
standard deviation (“volatility”) of yield from all “wet” simulations in the ensemble for seven 
management strategies, averaged over all GSL sites. Yield curves overly cumulative SPD​1σ​ and 
SPD​2σ​ for all GSL sites, which are arbitrarily rescaled for the purposes of comparison. 
 
The cumulative costs of interannual declines in maize productivity are illustrated in Fig. 
2.5, which overlays histograms of cumulative yield (tonnes of maize harvested from one hectare 
on average over a century) for the first century of maize agriculture by that of the subsequent 
century of maize agriculture over all GSL sites, and gives the associated percent change in 
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cumulative yield. Here the relative superiority of the IC2 and MC2 strategies, in terms of 
sustained cumulative yield, are clear. 
 
 
Figure 2.5. Irrigated consecutive centennial harvests, GSL Fremont sites. Comparison of 
average non-irrigated (“wet”) 100-year harvest return rates for the first and second centuries of 
potential farming, with percent differences for each strategy given in the neighbouring column. 
 
2.4.1.2 Uinta Basin (UB) 
The UB Fremont were among the first to abandon the region (or the subsistence 
practices that previously defined them). As a result, the SPDs for UB Fremont sites peak and 
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begin to decline prior to 850 CE, the start-year for our simulations. They were also among those 
whose local environments were most susceptible to change during the MCA and transition to 
LIA conditions. The MCA brought, on average, longer growing seasons to highland Utah. This is 
clear from the jump in maize productivity ~990-1000 CE in Fig. 2.4: we simulated modest “wet” 
mean yields of up to 0.34 ± 0.06 t/ha, averaged over the years 1001-1100 CE, up from 0.27 ± 
0.06 t/ha averaged over 901-1000 CE. However, Fig. 2.4 also makes clear that occupation 
decline in the UB was underway by this time, and lower overall occupation densities were 
sustained even during the period of bumper crops. We found that one consequence of the 
longer mean annual growing season was greater interannual volatility; and that high yield 
volatility coincided with the first drop in SPD as well as the sustained subsequent low SPD. 
Further, we found that, among subregions we analyzed, the UB Fremont sites were uniquely 
coupled to increasing yield volatility (Fig. 2.11) relative to decreasing mean yield (Fig. 2.10) as 
the other subregions’ sites. Rain fed (“dry”) simulation yields were very poor in general, although 
we noted that the only management strategies to produce sustained maize crops were also the 
most conservative (e.g., MS; see SI). 
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 Figure 2.6. Combined cropping-occupation plot for UB Fremont, IRR. Mean yield and 21-yr 
rolling standard deviation (“volatility”) of yield from all “wet” simulations in the ensemble for 
seven management strategies, averaged over all UB sites. Yield curves overly cumulative 
SPD​1σ​ and SPD​2σ​ for all UB sites, which are arbitrarily rescaled for the purposes of comparison. 
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 Figure 2.7. Consecutive centennial harvests, UB Fremont sites, IRR. Comparison of average 
non-irrigated (“wet”) 100-year harvest return rates for the first and second centuries of potential 
farming, with percent differences for each strategy given in the neighboring column. 
 
2.4.1.3 Range Creek (RC) 
As with other sites situated within canyons on the Colorado Plateau, higher elevation 
correlates strongly with increasingly mesic conditions. We did not have precise provenience 
information for dated RC Fremont artifacts from to make our own determination, but 
archaeologists have previously stated that they observe an early to late-occupation progression 
of high to low elevation, or more mesic to more xeric, sites in Range Creek (Boomgarden, 
57 
2015). However, evidence of increased flood frequency in the late-stage RC occupation from 
Rittenour et al. (2015) suggests that relocating to lower elevation occupation sites would carry 
increased flood risk. We have included our “dry” simulation output and SPD for the upper RC 
site (fig. 2.8) to show the performance of the model under restricted hydro-climatology. 
 
Figure 2.8. Combined cropping-occupation plot for RC Fremont, RFD, high-elevation site. Mean 
yield and 21-yr rolling standard deviation (“volatility”) of yield from all “dry” simulations in the 
ensemble for seven management strategies, for the high-elevation RC site only. Yield curves 
overly cumulative SPD for all 21 calibrated radiocarbon dates from RC, arbitrarily rescaled for 
the purposes of comparison. 
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Lacking precise radiocarbon date provenience data, we selected three sites from a 
transect along the RC reach to capture different hydro-climatic zones. Since we only compare 
the cumulative mean yield of the upper-elevation site to itself for subsequent centuries, the data 
for both “dry” and “wet” simulations is presented as paired bar-graphs in fig. 9. 
 
 
Figure 2.9. Maize crop mean centennial harvests for each management strategy for the “dry” 
(left column, bars outlined in red) and “wet” (right column, bars outlined in blue) cases. 
2.4.2 Correspondence testing 
We used a moving-window Spearman rank correlation test, reasoning that the rank 
coefficient (⍴) would increase positively as the simulated yield and SPD became more tightly 
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coupled. That is, we tested the constraint of maize productivity on occupation through the 
hypotheses that the goodness-of-fit of the yield, or yield volatility, curves to their associated 
SPD will improve over the time-series. Ensemble means of rank correlation tests of mean yield 
to all SPDs in each of the GSL, UB, and RC subregions from “wet” simulations is shown in Fig. 
2.10; and for yield volatility in Fig. 2.11. We found that: (1) yield-SPD coupling increased for all 
management strategies across all subregions examined; (2) rank correlation “flipped” from 
relatively uncorrelated to correlated between ~925-1100 CE, first for the UB sites, then for the 
GSL sites, and then for the RC sites; and finally, (3) yield-SPD coupling diverged strongly in the 
UB between ~1000-1100 CE, when simulated maize yield increased while SPD declined, an 
anomaly which we explain in terms of increasing yield volatility. From Fig. 2.10, the general 
trend suggested that coupling is weak for GSL sites throughout the time-series; coupling was 
strong for Range Creek; and the curves were erratically coupled, and generally uncorrelated, for 
the UB sites. (We have already noted the divergence of mean yield and SPD curves in fig. 2.4.) 
When yield volatility was considered instead, from fig. 2.11, the response of the GSL sites is 
similar to that in fig. 2.10 (i.e., the GSL sites are similarly unconstrained by changes in yield or 
its variability); coupling for the RC sites is enhanced; and the coupling of the UB sites becomes 
much more erratic, with the “flip” at ~1000 CE noted where yield volatility rapidly increased in 
Fig. 2.4. 
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 Figure 2.10. Test of the Spearman rank coefficients (​⍴​) of the EPIC “wet” simulation yields and 
SPDs for sites within different subregions. In the left column are ​⍴​ for subregions generated 
within a 75-year rolling window (ensemble means are highlighted in bold); in the right column 
are the associated trend lines for each. Only ​⍴​ where p < 0.05 were used. 
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 Figure 2.11. Test of the Spearman rank correlation (​⍴​) of the EPIC “dry” simulation yield 
volatility and SPDs for sites within different subregions. An important qualitative difference with 
Fig. 2.10 is the lack of evidence for coupling (positive correlation) between the yield and SPD 
curves for GSL in the rainfed (RFD) case. Only ​⍴​ where p < 0.05 were used. 
2.5 Discussion 
We interpret RC and the GSL sites as examples of systems of Fremont occupation 
compelled to change by respective extrinsically and intrinsically driven constraints on maize 
agriculture. It is useful to view them as end members of a larger system of constraints and 
adaptive responses active elsewhere within the Fremont range to greater or lesser degrees 
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through time. The UB occupations are intermediate between the “end-member” cases of the 
exogenous, environmentally dominated Range Creek occupation change, and the endogenous, 
anthropogenic soil-degradation dominated GSL littoral loss of maize productivity. This is not to 
negate the importance of other changes not captured in our simulations, such as technology 
transfer, innovation, or trade. The Fremont employed a variety of strategies for subsistence in 
response to changing conditions, important among which were those of their environment. The 
long history of Ancestral Puebloans in Southwest is complex and intersectional; but the 
synchronized disappearance of all or most APs over the entire region, between ~1150-1350 CE 
during the MCA-LIA transition, implies a regional change from previous environmental 
conditions through which APs thrived. It is consistent to expect that: (1) changes in 
environmental conditions necessary for agriculture varied across the geographic range of 
Fremont occupations; and (2) some sites were more or less vulnerable to natural changes in 
climatology, and some to anthropogenic influences, such as soil nutrient loss. The Fremont of 
the Colorado Plateau, in particular, likely found themselves in an ecological vise at the MCA-LIA 
transition. Whereas in cold years during the dry MCA, they could drop deeper into canyons for 
warmth and soil moisture, general cooling after ~1150 CE shortened growing seasons while 
seasonal precipitation, streamflow, and soil moisture became more erratic and less reliable, 
increasing the risk flash flooding with descent to lower elevations. 
The GSL Fremont dietary regimes are reasonably well understood due to the trove of 
isotopic data made possible by the exposure of bones during an historic low-stand of the GSL in 
the late-20th century. Coltrain and Leavitt (Coltrain & Leavitt, 2002) showed that maize 
comprised a substantial part of the GSL Fremont diet prior to 850 CE, when they added 
substantial wild, non-C​4​ plants to their diet; and maize is probably no longer available after 1150 
CE. The GSL Fremont enjoyed sufficiently long growing seasons and water to raise significant 
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crops without irrigation. In fact, freely adding water hardly increases the simulated yield, and 
may increase the rate at which critical soil nutrients were denuded, depending on management 
strategy. The GSL Fremont presumably exploited a deep reservoir of resources, besides maize, 
provided by their environment. Our simulations generate good crop yields under both “wet” and 
“dry” conditions, but show that the soil was quickly depleted of bioavailable nutrients. Indeed, we 
see SPDs become more tightly coupled to maize yields between ~1000-1100 CE. This was due 
to the high rate at which crop productivity declined for the GSL sites; a consequence of soil 
phosphorus and nitrogen loss in harvested biomass and due to leaching from the root zone. 
Throughout the Uinta Basin, Fremont occupations were in decline well before 850 CE, 
the start-date for our earliest simulations. This is explained by the conditions that generated the 
higher yield; namely, a sudden jump in volatility across the ensemble member simulations 
driven by an increase in the relative number of long to short growing seasons (or “warm” years). 
The UB Fremont SPDs are better represented by trends in the mean yield volatility than they 
yield itself. Although generally warmer conditions during the MCA drew UB Fremont to higher 
elevations, it also increased their exposure to the risk of higher uncertainty in crop yields. To this 
end, we note here that, uniquely in the UB among the subregions we examined, the highest 
simulated yields resulted from some of the most conservative management strategies (see SI). 
If the UB Fremont initially practiced an intensive management strategy and were unwilling or 
unable to transition to a more conservative one, they may not have been able to fully exploit the 
warmer conditions of the MCA. If this was the case, we expect that higher elevation 
maize-farming sites in the UB were short-lived experiments in agriculture. 
When we set up our simulation runs, uncalibrated radiocarbon dates for RC Fremont 
artifacts were not available. Once provenience data become available, the same procedure as 
we used to analyze the other Fremont sites may be carried out on the nineteen uncalibrated 
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radiocarbon dates provided in (Boomgarden, 2014). Except in the upper reach of the Range 
Creek catchment, it was almost impossible to produce a maize crop without an alternative 
source of water. Boomgarden et al. (Boomgarden, 2014) reported that irrigation was necessary 
to produce maize from experimental plots. Our model shows that it was then, as it is now, simply 
too dry to grow maize without irrigation. The corollaries to this statement are: (1) it was possible 
to generate a modest maize crop in high-elevation, mesic sites; and (2) the high variance of the 
ensemble members (before the mean is taken) indicates that some seasons may have been 
sufficiently wet to produce maize crops approaching those raise in Utah during the early 
historical period. We therefore expect that if dryland farming produce maize in Range Creek, it 
was in the upper reach of the catchment (above ~2134 m in elevation), following a strategy 
similar to IC2 (or MC2). The latter case might have offered a bean crop to fall back on if the 
maize crop failed. The last Fremont occupations in Range Creek occur on defensible 
promontories and in the context of greater fortifications of their food supply (e.g., numerous 
maize-store granaries camouflaged on vertiginous canyon walls), and even rock-falls over the 
approaches to their dwellings, suggesting increased value of maize, competition for resources 
and interpersonal violence. A next step for this method will be to investigate the effects of 
coupling crop productivity within and between geographically separated subregions. 
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3 Mean July air temperatures for last 1570 years inferred from subfossil chironomids 
from three subalpine lakes in Utah 
 
Abstract 
Compared to paleohyrdological records from sources such as tree-ring, long records of 
Holocene temperature variability remain sparse for the southwestern United States. To assess 
late Holocene temperature variability the mean July air temperatures (MJAT) above three 
subalpine lakes in Utah were reconstructed for the late Holocene using subfossil chironomid 
(Insecta: Diptera: Chironomidae) assemblages from core sediments. The MJAT reconstruction 
for Alpine Pond, on the Markagunt Plateau in central-southwestern Utah, extends from 380 CE 
(1570 cal BP) to the present; and for Blue Lake, on the Wasatch Plateau in central Utah, it 
extends from 10 CE (1940 cal BP) to the present. Denise Lake, in the Uinta Mountains of 
northeastern Utah, produced short MJAT records for 100-220 CE (1850-1730 cal BP) and 1380 
CE (570 cal BP) to the present, separated by a hiatus of dry or ephemeral wetland conditions. 
Warming over the last century was unprecedented in over the last 1570 years for Alpine Pond 
and 1990 years for Blue Lake. The Denise Lake record also showed a strong recent warming 
trend, but the discontinuous record makes  In addition to the thermal reconstructions, it was 
found that Chironomid taxonomic diversity varied in relationship to temperature. The effects of a 
known volcanic eruption on the Markagunt Plateau (1050 CE; 900 cal BP) were also detected in 
the taxonomic diversity of the chironomid assemblage and sedimentary particle size in Alpine 
Pond. 
3.1 Introduction 
66 
Utah lies at the conjunction of the Great Basin and the Colorado Plateau. This is the 
northeastern frontier of the desert Southwest: the Great Basin is an arid landscape of saltpans, 
limited vegetative cover, and stark mountain ranges; by contrast, the Colorado Plateau hosts 
mixed pine forests, montane wetlands, and multi-year snowpack. Because of its complex 
topography and location, the climate in Utah is a balance between influences of the Pacific 
Ocean, from which it derives most winter precipitation, and the North American Monsoon 
System (NAMS), which drives convective precipitation northwards from the Gulf of Mexico and 
Sea of Cortez during the heat of the summer. In addition to moisture delivery, the surface 
hydrology of the region is strongly influenced by the effect of temperature on evaporation rates 
(Udall & Overpeck, 2017). 
Precipitation and temperature influence environmental stressors, like drought, differently, 
and discriminating between them in the record is important for paleoenvironmental researchers 
and archaeologists investigating past environmental conditions and in understanding current 
and future climatic variability and its impacts. It is valuable information for water managers and 
other stakeholders, who are compelled to plan for a future of more volatile, and possibly even 
more arid, hydroclimate (Kirtman et al. 2013). This study contributes to the small but growing 
corpus of research focused on this important and ecologically vulnerable region. Compared to 
other Southwestern states, high-resolution paleoenvironmental records for Utah are sparse. 
This is particularly true for records of prehistoric temperature: most derive from high elevation 
temperature-stressed sites in neighboring states like (Salzer and Kipfmueller, 2005; Salzer et 
al., 2014; Reinemann et al., 2014). This study uses the analysis of fossil chironomids (Insecta: 
Diptera: Chironomidae) from lake sediments reconstruct late Holocene temperature variations 
and some aspects of lake response from three sites in Utah. 
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Temperature throughout Utah is primarily a function of elevation. High-elevation hot 
season (June through August) temperatures roughly 15°C cooler, and 4°C less variable, than in 
the desert below. Cold season (December through March) temperatures can be bitterly cold, 
even in the Great Salt Lake basin, with significant snow accumulation at high elevation. Cold 
winter days preserve the snowpack which accumulates in mountains, such as the High Uintas 
and Wasatch Range, and high plateaus, like Brian Head and the Wasatch Plateau, on which 
Utah depends for its perennial streams. Utah also experiences significant warm-season 
precipitation due to the North American Monsoon System (NAMS), particularly in its southern 
highlands: midsummer precipitation on the highland Markagunt Plateau averages about 72 mm 
while it averages 12 mm or fewer in summer over the Great Salt Lake basin (PRISM 2004). 
Although sparse in terms of temperature, available reconstructions indicate that warm, 
arid conditions predominated in the Southwest during the MCA likely as a consequence of 
increased solar output, low volcanism, and a reduced dependence on Pacific sea surface 
temperature (SST) dynamics, such as the the El Niño Southern Oscillation (ENSO) and Pacific 
Decadal Oscillation (PDO) (Metcalfe, Barron, & Davies, 2015). By the 14th century CE, the 
Northern Hemisphere was moving into the grip of the Little Ice Age (LIA; Fig. 1A); and in parts of 
the American Southwest, temperature and hydroclimatic variability increased over that of the 
MCA (Loisel et al., 2017). Evidence for such increased hydroclimatic variability is found in Utah 
(Tingstad Abbie H. & MacDonald Glen M., 2010). 
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 Figure 3.1. Tree-ring-based paleotemperature reconstructions for: (A) the Northern Hemisphere 
from Moberg et al. (2005), with MCA (900-1300) and LIA (1350-1850) emphasized; (B) the 
Great Basin from Salzer et al. (2014); (C) Navajo Mountain and Canyon de Chelly on the 
southern Colorado Plateau in northern Arizona from Salzer and Kipfmueller (2005); and (D) 
chironomid-inferred mean July surface temperature anomalies for Stella Lake, Snake Range, 
from Reinemann et al. (2014). Broad lines in (A) are low-frequency trends from Moberg et al. 
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(2005) and in (B) are 21-year rolling means. Narrow lines in (A) and (B) are 2-sigma confidence 
intervals. Blue line in (D) is a LOESS model. 
 
Chironomids refer to final-instar stage larvae of non-biting midges, flying insects which 
reproduce prolifically in freshwater environments. The large variety of chironomid species, 
whose members occupy a range of overlapping and exclusive niche spaces, means that that 
individual species abundances in local populations are good indicators of limnological 
conditions. The mobility and short life cycle of midges means that they may be expected to 
equilibrate quickly with changing eco-environmental conditions (Walker, 2001). The resilience to 
post-depositional degradation of chitinous chironomid head-capsules (fig. 2), which accumulate 
in abundance in the sediments of most freshwater ecosystems, has led to their use as indicators 
of late Quaternary eco-environmental change (Porinchu et al., 2003), particularly lake-surface 
temperatures during the height of their breeding cycle (Levesque et al., 1996; Bigler et al., 2002; 
Seppa et al., 2002; Heiri and Millet, 2005; Potito et al., 2006). Researchers have generated 
training-sets, or a database of modern chironomid assemblages in various lacustrine 
environments with well constrained environmental characteristics, for the Sierra Nevada 
(Porinchu et al., 2003), the Snake Range in the central Great Basin, and Uinta Mountains in 
northeastern Utah (Porinchu et al., 2007). Reinemann et al. (2009, 2010) used these data to 
reconstruct a mid-July mean lake surface temperature record for a subalpine lake in the Snake 
Range, eastern Nevada in the Great Basin, 
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 Figure 3.2. Microscopic images of (A) ​Corynocera oliveri​ with diatoms and (B) ​Tanytarsus​ spp.; 
SEM images of (C) ​C. oliveri​ and (D) ​Psectrocladius​ spp. from Blue Lake, Utah. Scale bars 
represent 100 microns. SEM images courtesy of S. Avnaim-Katav. 
3.2 Study Sites 
Figure 3.3 shows the diagonal transect of lake study sites across Utah. Temperature 
throughout Utah is primarily a function of elevation. High-elevation hot season (June through 
August) temperatures roughly 15°C cooler, and 4°C less variable, than in the desert below. Cold 
season (December through March) temperatures can be bitterly cold, even in the Great Salt 
Lake basin, with significant snow accumulation at high elevation. Cold winter days preserve the 
snowpack which accumulates in mountains, such as the High Uintas and Wasatch Range, and 
high plateaus, like Brian Head and the Wasatch Plateau, on which Utah depends for its 
perennial streams. Utah also experiences significant warm-season precipitation due to the North 
71 
American Monsoon System (NAMS), particularly in its southern highlands: midsummer 
precipitation on the highland Markagunt Plateau averages about 72 mm while it averages 12 
mm or fewer in summer over the Great Salt Lake basin (PRISM 2004). 
Alpine Pond (el. 3206 m asl) is a small (0.16 ha area) endorheic lake in Iron County, 
Utah, in the middle section of Dixie National Forest. Alpine Pond is approximately 93 m along its 
longest (SW-NE) axis, not greater than 25 m across its narrow axis; and 204 cm deep when we 
sounded its largest depocenter in July 2014. (Alpine Pond has a secondary depocenter about 
40 m to the southwest of our core-site, at the narrowest end of the lake.) It is strewn with 
deadfall and forest litter, including entire tree trunks, which have fallen across it. It lies about 5 
km due south of Brian Head Peak (el. 3448 m), the highest point on the Markagunt Plateau, on 
a forested ledge only about 170 meters to the east of the precipice of the Cedar Breaks National 
Monument, where the elevation drops more than 800 m in fewer than 2 km lateral distance. The 
Markagunt Plateau has seen active volcanic cinder cone eruptions as recently as 1050 CE (900 
cal BP determined by tree rings ), in the vicinity of Panguitch Lake. Alpine Pond is in the midst 4
of Engelmann spruce (​Picea engelmannii​), subalpine fir (​Abies lasiocarpa​), quaking aspen 
(​Populus tremuloides​), and limber pine (​Pinus flexilis​). The forest is most dense along the 
ridgeline-edge of the cliffs, and thins out to meadows of Indian paintbrush (​Castilleja miniata​), 
osha (​Ligusticum porteri​), fireweed (​Epilobium angustifolium​) and grasses on the shallow slope 
of the Markagunt Plateau. There are bristlecone pines (​Pinus longaeva​) and Douglas-fir 
(​Pseudotsuga menziesii​) nearby. The palynological record from Alpine Pond has previously 
been described by Anderson et al. (1999). Stone tools are ubiquitous at sites throughout Dixie 
National Forest, including an archaeological site near the Lowder Creek bog, fewer than 5 km 
from Alpine Pond (Canaday and Bakewell, 2001). 
4 Markagunt Plateau volcanic eruptions. (n.d.). Retrieved from 
https://www.volcanodiscovery.com/markagunt_plateau-eruptions.html 
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Blue Lake (el. 3141 m asl) is a medium-sized (3.1 ha) stratified lake in a glacial cirque 
basin in Manti La Sal National Forest. It is approximately 318 m wide along its longest (N-S) 
axis, and 143 m across at its greatest (E-W) axis. In addition to surface runoff from within its 
catchment, it is fed by springs at its western end. Its northeastern edge is by a terminal moraine. 
The moraine is lowest at the northernmost point, where it is breached by a shallow embayment, 
itself drained by an ephemeral stream. The embayment is littered with deadfall, and lake 
surrounded by dead Engelmann spruce, likely the result of a spruce beetle (​Dendroctonus 
rufipennis​) outbreak ~1980-1990s CE (Morris & Brunelle, 2012). Lumber harvesting began in 
the area in the middle 19th century CE (Ellison, 1954). We made repeated soundings across the 
depocenter and cored the lake at 5.46 m depth. Vegetation growing at the lakeside indicates 
that the lake experiences sustained high-water stands less than a meter above its elevation on 
the date of our sampling. Blue Lake lies within a catchment basin of ~60 ha vegetated by 
Engelmann spruce, limber pine, and blue spruce (​P. pungens​). Sediment cores from Blue Lake 
previously been analyzed for charcoal by Morris, Brunelle & Munson (2010). Archaeologists 
have found evidence of ~9 ka of human occupation on the Wasatch Plateau (Curewitz, 2001). 
Denise Lake (el. 3403 m asl) is a small (1.3 ha), non-stratified, oligotrophic lake in 
Duchesne County, Ashley National Forest, the High Uinta Mountains. It is oriented in a NW-SW 
direction along its longest (172 m) axis; and is about 100 m across. We sounded its depocenter 
depth as 1.5 m in September 2012; but it has been previously described as 2.4 m deep (Hundey 
et al., 2014). It is about 420 meters southeast, and 23 m downslope, of the larger Taylor Lake 
(9.4 ha area; 9.7 m depth), to which it is hydrologically connected via subterranean seepage. It 
lies just below the alpine treeline dominated by subalpine fir with lodgepole pine (​Pinus 
contorta​); and within a catchment basin of roughly 100 ha. We observed several ptarmigans 
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(​Lagopus​ spp.) on crossing the high ridge northwest of Denise Lake, and a herd of tens of elk 
on the alpine talus slopes in the vicinity. 
 
Figure 3.3. Digital elevation map with the locations of lakes used in this study. A red marker 
indicates the location of Stella Lake, mentioned in the text. Data: PRISM (2004). Lake terrains 
and satellite images are inset. Scale bars represent 100 m on the terrain maps and satellite 
images. Data: Google (2018). 
3.3 Methods 
We recovered sediment cores from two subalpine lakes (Alpine Pond and Blue Lake) in 
July 2014 and one alpine lake (Denise Lake) in September 2012. For Alpine Pond and Blue 
Lake, we used a square-rod, modified Livingstone corer (Livingstone, 1955; Wright, 1967) with 
transparent acrylic barrels, and a sharpened stainless steel barrel for the basal drive. Coring 
was done from a plywood coring platform floated by two inflatable rafts (for use procedure, see 
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Myrbo and Wright, 2008). For Denise Lake, we used a simplified transparent acrylic barrel and 
piston corer, with a 1.4 m barrel length and 7 cm diameter, from a single-raft, packable coring rig 
(see Thomson, 2018). 
The Denise Lake core sediment was subsampled in the field. When the core was 
recovered, we measured its length as 73 cm; and after subsampling, this was compressed to 59 
cm. We gradually extruded the sediment from the top of the core tube, bagging 0.5 cm intervals 
into Nasco Whirl-Paks​®​. The same procedure was followed for the top of the Alpine Pond core 
(i.e., 14-AP-01), and for the top 33 cm of the Blue Lake core (i.e., 14-BL2-01A), below which the 
sediment was stiff enough for transport within the core tube. Cores with stiff sediment were 
extruded onto plastic wrap, measured, described stratigraphically, and photographed before 
being wrapped in plastic and aluminum foil, and packed in core boxes for transport. We 
transported the subsamples in cool boxes, and kept the core boxes cool in shade. 
In the lab, each whole core was sectioned lengthwise into half-cylinders using a filleting 
knife. We archived one half in cold-storage and subsampled the other at 0.5 cm intervals in 
Whirl-Paks​®​ which were kept in a lab fridge at 4°C. Sediments were analyzed for total organic 
carbon (TOC) and carbonate (CaCO​3​) by loss-on-ignition (Heiri et al., 2001). 
Macrofossils that transected subsamples but could be reasonably assigned to a coeval 
horizon were separated for radiocarbon dating; and those which could not, or which appeared 
on the surface of the core, where they might have been pushed down by the core tube, were 
discarded. Macrofossils for radiocarbon dating were, therefore, from the interior of the core and 
well buried within a clear sedimentological horizon. We ran radiocarbon dates in the accelerated 
mass spectrometer (AMS) at the Keck Carbon Lab at the University of California, Irvine. We 
generated our age-depth models using bayesian modeling software for R, ​Bacon ​(Blaauw & 
Christen, 2018), and calibrated according to the “Intcal13” curve (Reimer et al., 2013). We 
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report all of the AMS radiocarbon ages processed, including those not intended for our 
age-depth models: on bulk sediments for Denise Lake; and on mollusc shells from Blue Lake, 
taken for a separate study. Both shell and bulk sediment dates contained significantly less ​14​C 
than organic macrofossils comparably located in the cores, as would be expected from a 
reservoir effect of “old carbon” within the lake-sediment systems. 
Chironomid samples were prepared at the Environmental Change Lab at the University 
of Georgia, Athens, and at the MacDonald Paleoenvironmental Research Group Lab at the 
University of California, Los Angeles. We deflocculated 0.5 - 1.0 mL of sediment (depending on 
specimen concentration) in 8% KOH solution at ≲ 70°C for 30 minutes, then filtered through a 95 
um textile sieve. The filtrate was discarded and the filtered residue was rinsed with dH​2​O into 
250 mL beakers. The filtrate was poured into a Bogorov counting tray, a transparent acrylic 
vessel channelized to attenuate wave energy in the filtrate, and thereby keep suspended 
particles from shifting position. Under a Nikon SMZ-2T stereomicroscope, chironomid 
head-capsules were “picked” from the Bogorov tray with Dumont #5/45 ultra-fine forceps, and 
transferred to a droplet of dH​2​O on a microscope slide-cover. Head-capsule tallies were made 
using an analogue counter and tally sheet, wherein each complete head-capsule was 
double-counted and any significant fraction thereof was single-counted. Chironomids were 
identified based on diagnostic criteria after Walker (2001). (Orphaned fragments were not 
counted, even if they were potentially diagnostic; e.g., a single mandible. The exception were 
Procladius specimens, for which only ligula were counted, even if they were orphaned.) The 
slide-covers were left to dry and then flipped onto a droplet of Entellan​®​ on a microscope slide, 
thus mounting them for chironomid identification. Chironomid taxa were identified (typically to 
genus-level) by morphological features under 100-400x magnification using a dichotomous key. 
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We compared downcore assemblages of chironomid taxa to modern chironomid 
assemblages from a training set of 57 lakes in the Sierra Nevada mountains of California and 51 
lakes in the Uinta Mountains of Utah (Porinchu et al., 2007). 
3.4 Results 
Lake locations and details are given in Table 3.1. AMS radiocarbon age determinations 
for our age-depth models are shown in Table 3.2. 
 
Table 3.1. Locations and details of lakes used in this study. 
Name Alpine Pond Blue Lake Denise Lake 
Code 14-DX-AP 14-MLS-BL2 12-UN-07 
Elevation (m asl) 3192 3198 3478 (3399 M) 
Coordinates 37.63°N, 112.82°W 39.05°N, 111.50°W 40.78°N, 110.09°W 
UTM (zone 12N) 339056.7 m E 
4167054 m N 
456300.3 m E 
4323056 m N 
577091.7 m E 
4514951 m N 
Depth (cm) 204 546 150 
Secchi depth (cm) >204  >150 
Aggregated core length (cm) 265 202 73 
Specific conductivity (µS/cm) 260   
pH 7.47   
Temperature (°C) 18.2   
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Table 3.2. Radiocarbon dates. *Dates rejected for the purposes of our age-depth models are 
also reported, with explanations given in the “Notes” column. We processed AMS dates for a 
separate study on mollusc shells and bulk sediment reservoir effect in Denise Lake. 
Extruded 
min depth 
(cm) 
Recon. 
depth (cm) 14C YR ERROR MATERIAL LAKE 
LAB CODE: 
UCIAMS NOTES 
37.5 48.4 135 20 fir needle ALPINE 160386 
Mass 7.8 mg. 
IntactPiceaneedle. Labelling 
reversed with UCI AMS 
160386, corrected here. 
50 64.5 175 20 fir needle ALPINE 160387 
Mass 3.2 mg. 
IntactPiceaneedle. Labelling 
reversed with UCI AMS 
160386, corrected here. 
83 83 360 20 fir needle ALPINE 160388 
Mass 4.3 mg. 
IntactPiceaneedle. 
104 104 670 20 fir needle ALPINE 160389 
Mass 4.8 mg. 
IntactPiceaneedle. 
117 117 855 20 fir needle ALPINE 160390 
Mass 4.7 mg. 
IntactPiceaneedle. 
127.5 127.5 945 20 fir needle ALPINE 160391 
Mass <0.1 mg.Piceaneedle 
fragment. 
157.5 157.5 1005 20 fir needle ALPINE   
164 164 915 20 fir needle ALPINE 160392 
Mass 3.0 mg. 
IntactPiceaneedle. 
188.5 188.5 1115 20 fir needle ALPINE 160393 
Mass 2.7 mg. 
IntactPiceaneedle. 
204 204 1285 20  ALPINE   
245 245 2340 20 wood ALPINE   
249.5 249.5 2265 20 wood ALPINE   
252.5 252.5 2435 20 wood ALPINE   
256.5 256.5 2420 20 wood ALPINE   
        
17 17 330 20 wood BLUE 160394 Mass 840 mg. Bark. 
50 50 1735 35 plant, small BLUE 168428  
176.5 176.5 3915 20 wood BLUE 160395 
Mass 5.0 g. Small twig, <5 
mm diameter. 
180 180 4120 20 charcoal BLUE 160396 Mass 5.0 mg 
194.5 194.5 5645 20 wood BLUE 160397 Mass 134.4 mg. Small twig. 
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20.5 25.4 1805 20 fir needle DENISE   
28.5 35.3 1910 60 fir needle DENISE 160398 Mass 1.4 mg. Fragmentary. 
34.5 42.8 2010 25 twig frag DENISE 160399 Mass 4.1 mg. Fragmentary. 
49 60.7 2755 20 fir needle DENISE 160400 Mass 3.0 mg. Fragmentary. 
53.5 66.3 2955 20 twig frag DENISE 160401 Mass 12.9 mg. Fragmentary. 
REJECTE
D* DATES 
BELOW        
24 31 -1155 20 fir needle ALPINE 160385 
Rejected because the 
excess of 14C was probably 
the result of a mid-20th 
century bomb test. Date is 
too uncertain. Mass 6.0 mg. 
17.5 17.5 1125 20 bivalve shell BLUE 168429 
Rejected because of 
unknown reservoir effect. 
Intended for separate study. 
75.5 75.5 2140 80 bivalves BLUE 168431 
Rejected because of 
unknown reservoir effect. 
Intended for separate study. 
Labelling reversed with UCI 
AMS 168433. Corrected 
here. 
121 121.5 3085 35 bivalve shell BLUE 168430 
Rejected because of 
unknown reservoir effect. 
Intended for separate study. 
148.5 148.5 3950 15 bivalve BLUE 168433 
Rejected because of 
unknown reservoir effect. 
Intended for separate study. 
Labelling reversed with 
UCIAMS 168431. Corrected 
here. 
175 175 4965 20 bivalves BLUE 168432 
Rejected because of 
unknown reservoir effect. 
Intended for separate study. 
5.5 6.8 modern NA micro-char DENISE 185601 
Possibly pushed down by 
core barrel. Recovered from 
bagged subsample. 
17 21.1 modern NA fir needle DENISE 185601(?) 
Believed to have been 
pushed down by core barrel. 
Recovered from bagged 
subsample. 
18 22.3 2055 15 bulk sed DENISE  
Rejected because of 
unknown reservoir effect. 
48.5 60.1 2965 15 bulk sed DENISE  
Rejected because of 
unknown reservoir effect. 
58.5 72.5 3530 20 bulk sed DENISE 122054 
Rejected because of 
unknown reservoir effect. 
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3.4.1 Alpine Pond 
The Alpine Pond record contains a diverse variety of taxa which represent a dynamic 
lake and wetland environment. Taxonomic diversity of chironomids (Fig. 3.5) increased over 
time, as in all the study lakes, but was greatest during the middle LIA. We suspect that the low 
diversity during the middle to late MCA was at least partly a consequence of a disruption in the 
Alpine Pond system, caused by the last known volcanic eruption on the Markagunt Plateau 
(~1050 CE) in a cinder cone field south of Panguitch Lake, about 10 km to the east of Alpine 
Pond. Assemblages of subsamples which bracket this event in time show relative increases in 
Corynocera oliverii​ and ​Tanytarsus ​populations, and a decline in ​Psectrocladius ​spp., 
Corynocera ​near-​ambigua​, and ​Chironomus ​populations. 
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 Figure 3.4. Chironomid proportions by taxon for Alpine Pond. Cinder cone eruption ~1050 CE 
(900 cal BP). 
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 Fig. 3.5 shows a stack of independently derived datasets: an index of inverse Simpson’s 
diversity (1/D) for chironomid taxa above the results of our LOI analysis. Alpine Pond sediments 
were quite rich in organics (with considerably more time needed to deflocculate sediments for 
chironomid analysis than in Blue Lake or Denise Lake), and the inorganic carbonates seen in 
the LOI plot are due to abundant ostracods. Decline of TOC during the MCA is surprising, as 
algal growth is associated with rising temperatures (Smol et al., 2005); however, the MCA over 
Utah is also associated with increased drought frequency and drought intensity (Woodhouse et 
al., 2010; Rodysill et al., 2018). Reduced precipitation and higher vapor pressure deficit likely 
reduced the lake level during the MCA; and the volatility of TOC may also indicate that wet 
episodes “reactivated” higher lake productivity during this period. Relatively greater taxonomic 
diversity among chironomids, and particularly volatility in diversity indices, supports this 
interpretation. 
This corresponds to a striking reduction in the particle-size suggesting reduced clastic 
inflow to Alpine Pond. There are also declines in the sample dry mass ratio, as well as in 
diversity of chironomid taxa. The reduced particle size may have been due to the presence of a 
tephra (which we did not detect stratigraphically) or to the liberation of terrestrial fine-grained 
soil, likely as a consequence of wildfire , or to the presence of a tephra (which we did not 5
directly detect after stratigraphic or after microscopic inspections). It was also observed in Alpine 
Pond coincident with the volcanic eruption. Assemblages of subsamples which bracket this 
event in time show relative increases in ​Corynocera oliverii​ and ​Tanytarsus ​populations, and a 
decline in ​Psectrocladius ​spp., ​Corynocera ​near-​ambigua​, and ​Chironomus ​populations. 
5 This period coincided with intensive wildfire in the AP watershed; and was also the most intense ~200 
years of Native American “Fremont” Ancestral Puebloan occupation in the vicinity (Thomson, unpublished 
data). 
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 Figure 3.5. Stack of inverse Simpson’s diversity (1/D) of chironomid genera counted for Alpine 
Pond (n ≥ 30); sample water quantity by percent of dry mass; total organic carbon (TOC) and 
inorganic carbon content (CaCO​3​) by loss-on-ignition for Alpine Pond. The age of the cinder 
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cone eruption (1050 CE) was determined by tree rings. Because the age-depth model of the 
core sediment is probabilistic, the cinder cone eruption is drawn as a shaded region between 
1025-1075 CE. 
3.4.2 Blue Lake 
The top ~30 cm of the Blue Lake sediment was gyttja, and subsampled in the field. Color 
varied between lighter and darker shades of grey-taupe to ~100 cm depth, with small bivalves 
(Sphaeriidae: ​Pisidium ​spp.) distributed throughout. From this point down, the sediment 
becomes a more clearly striated marl, with lenses of dense shell assemblages. Here as well 
were some layering in the sediment. The genesis of this and if they represent annual varving is 
unclear. In carbonate-rich lake systems, carbonate precipitation may be associated with 
warming conditions. Our age-depth model is well constrained by small pieces of wood buried 
deep within the core, in sediment which with well defined depositional strata. We found a single 
fragment of tree bark at 17 cm depth that we used to constrain the age of the top 1/3 of the 
core. As bark may be formed well before it is deposited in a lake, this age probably represents a 
lower-limit to the “true” age of the sediment at 17 cm depth. Our sediment accumulation rate is 
an order of magnitude less than that reported by Morris et al. (2010) for Blue Lake. 
We noted that in BL (Fig. 3.6), the proportions of some taxa (e.g., ​C. oliverii​, ​Tanytarsus​) 
varied in opposite phase with those of other taxa (e.g., ​Chironomus​). We expect this to follow 
from changes in thermal conditions (i.e., ​C. oliverii​ is common in particularly cool MJAT lakes) 
and hydrologic conditions (i.e., Chironomus tends to be found in lakes with abundant 
macrophage growth, or during lower water-levels). This roughly accords with the MJAT 
reconstruction (Fig. 3.10), which uses a more robust weighted average of all the taxa in the 
training set. 
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Taxonomic diversity (Fig. 3.7) rose over time but the last ~500 years constitute a very 
different ecological community than at any time previous. The late-stage “jump” in taxonomic 
diversity (which does not include unidentifiable chironomids, Procladius, nor mites) is striking, 
particularly as it coincides with a sudden drop, then rise in particle size, rising TOC, and a 
sudden drop in CaCO​3​. The appearance of oribatid mites (Acari: Oribatida) was unique to the 
Blue Lake core. Other researchers have noted increases in mite populations in arctic-alpine lake 
sediments coincident with warmer episodes (Solhøy & Solhøy, 2000). 
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 Figure 3.6. Chironomid proportions by taxon for Blue Lake. 
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 Figure 3.7. Stack of inverse Simpson’s diversity (1/D) of chironomid genera counted for Blue 
Lake (n ≥ 30); sample water quantity by percent of dry mass; total organic carbon (TOC) and 
inorganic carbon content (CaCO​3​) by loss-on-ignition for Blue Lake. 
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 3.4.3 Denise Lake 
The sediment was gyttja with no obvious layering or horizons. (A previous drive 
recovered ~100 cm of sediment, revealing a significant color change to light grey-beige below 
~80 cm; however, the barrel cracked during recovery and the sample was lost.) The core length 
was compressed from 73 cm to 59 cm during subsampling. To recover the initial core length to 
determine the sediment accumulation rate, we scaled the “extruded” 0.5 cm intervals by 1.24, 
the ratio of the recovered to extruded core length. Thus the results we report here follow from 
our analysis of a 73 cm “reconstituted” core. We analyzed the complete record of subsamples 
for the last 2000 years, according to our age-model, for chironomids and LOI. We found that 
there was an hiatus between ~300-1350 CE (1650-600 cal BP), during which the lake conditions 
were very different than at present; likely the lake was dry or an ephemeral wetland which 
supported chironomids only periodically. 
The high proportion of ​Dicrotendipes​ (Fig. 3.8) immediately following the hiatus suggests 
that, at this stage, the lake environment had a higher proportion of littoral shallows. The hiatus 
also represents a significantly disruptive episode in the lakes paleoecological records: the 
earlier assemblages were dominated by ​Microspectra​, ​Chironomus​, and ​Dicrotendipes​; and the 
later assemblages by ​Corynocera oliverii​ and ​Tanytarsus​. (​Dicrotendipes​ survives but is rapidly 
displaced by ​C. oliverii​ and ​Tanytarsus​.) 
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 Figure 3.8. Chironomid proportions by taxon for Denise Lake. Grey shading indicates the period 
over which there were too few head-capsule specimens counted for a meaningful signal (n < 
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50). The identifiable specimens during the hiatus were: ​Tanytarsus​, ​Psectrocladius 
semi/sordidellis​, ​Microspectra​, and ​C. oliverii​. 
 
Denise Lake was a more productive lake in the past, prior to the hiatus, in terms of 
sedimentary total organic carbon (Fig. 3.9). A shallow, lentic, macrophyte-rich environment is 
suggested by the relatively higher proportion of ​Chironomus ​and ​Psectrocladius ​present. Larger 
particle size, seen in the proportion of water to dry mass in the deepest subsamples, suggests 
that this was a time of more energetic clastic inflow, either due to higher warm-season 
precipitation, or snowmelt. 
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 Figure 3.9. Stack of inverse Simpson’s diversity (1/D) of chironomid genera counted for Denise 
Lake; sample water quantity by percent of dry mass; total organic carbon (TOC) and inorganic 
carbon content (CaCO​3​) by loss-on-ignition for Denise Lake. The starting and ending dates of 
the shaded area are arbitrarily defined to encompass a period during which we recovered 
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insignificant numbers of chironomids, when the fossils were too fragmentary to diagnose even 
as chironomidae, or when no fossils were recovered at all. This may coincide with a drying out 
or seasonal ephemeralization of the lake. 
3.4.4 Mean July air temperature (MJAT) reconstruction 
We used a weighted-averages approach to reconstruct paleotemperature records based 
on subfossil chironomid assemblages from the study lakes (Fig. 3.10). Only data for subsamples 
with sufficient specimen count (n≥50) were used for the reconstruction. All of the lakes show 
evidence of modern anthropogenic warming (MAW), which is consistent with other 
chironomid-based studied of lakes in the Intermountain West (Potito et al., 2006; Porinchu et al., 
2010). The hiatus in the Denise Lake record, which likely corresponds to a transition from a 
permanent to ephemeral wetland environment, is coincident with a profoundly dry period in the 
Rocky Mountain West and Utah (Rodysill et al, 2018, see Fig. 3.6). 
There are marked cool-temperature excursions in the Alpine Pond and Blue Lake 
records which coincide with the midpoint (~1150 CE; 800 cal BP) of a cold event in the Great 
Basin and Colorado Plateau (Salzer and Kipfmueller, 2005; Salzer et al., 2014), as well as a 
profound drought event (Woodhouse et al., 2010), during the MCA. Likewise, the 
cool-temperature excursion ~1600 CE (350 cal BP) seen in the proxy data in Fig. 3.1 and in the 
chironomid-based temperature reconstruction of Stella Lake by Reinmann et al. (2014) is 
evident in the AP and DL records. (The timing of the late-LIA cool-excursion in the BL core may 
be due to relatively poor age-depth model constraint in the younger sediments.) 
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 Figure 3.10. Reconstructed temperature curves inferred from subfossil chironomid assemblages 
based on the ideal temperature ranges from Porinchu et al. (2007), weighted by the proportion 
of those taxa in each assemblage (after passing a cut of n≥50). Red lines are LOESS models to 
illustrate trends. Dark segment in the Alpine Pond record overlies the cinder cone eruption; the 
shaded area in the Denise Lake record indicates an hiatus wherein no significantly sized 
chironomid populations were found. 
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3.5 Discussion 
We have reconstructed pre-instrumental mean July air temperature (MJAT) records and 
shown systematic disruptions to chironomid community taxonomic diversity for montane lakes in 
Utah coincident with known changes in mean annual temperature in the Great Basin and 
Colorado Plateau. Clearly, the Markagunt and Wasatch plateaus experienced a marked degree 
of temperature and hydrologic variability over the past two millennia, but were more consistently 
warm during the MCA than the during the LIA. Unfortunately, the volcanic event recorded 
separately on the Markagunt plateau coincides with a sudden apparent cool period in the Alpine 
Pond chironomid record. While we found what may be a greater variety in the shapes of crystal 
silicates at the corresponding depth in the core, and significantly greater charcoal concentration 
(Thomson & MacDonald, Forthcoming), we could not definitively determine any of the fragments 
to be volcanic in origin. 
According to the Third National Climate Assessment of the United States, the period 
since 1950 has been the warmest period of comparable duration in the Southwest over the past 
600 years (Garfin et al., 2014). Great Basin and Colorado Plateau proxy records for temperature 
indicate extraordinary warming over the past century (e.g., Fig. 3.1). Our study site records 
show marked 20th century warming for the Markagunt and Wasatch Plateaus. The direction and 
consistency of the trends for Alpine Pond and Blue Lake are extraordinary for the records in 
both cases, beyond normal lake variability for the past 1570 and 1910 years, respectively. The 
record from Denise Lake is discontinuous, but shows a trend towards recent warming. 
However, our results also underscore the high degree of natural variability in limnological 
conditions (e.g., depth, turnover, salinity, and organism communities) in small, alpine lake 
systems. These ecosystems are especially sensitive to changes in environmental conditions, 
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because changes to exogenous forcing mechanisms, like higher daily average temperature, can 
produce nonlinear feedbacks, such as early-season melting of ice cover. The scale of a 
feedback may be larger by orders of magnitude than its initial forcing mechanism. In this, high 
elevation environments share many similarities to those at high latitudes; and therefore, 
subalpine lakes may be considered reasonable analogues for high latitude lakes, but widely 
distributed over the earth’s surface. The shifts in taxonomic diversity observed in all of our study 
lakes over the past 2 centuries are also broadly consistent with the significant taxonomic 
turnover in chironomid assemblages observed in Great Basin and Colorado Plateau lakes 
coincident with late 20th century warming (Porinchu et al., 2010). Relatedly, in a study of 
multiple panarctic lakes, Smol et al. (2005) found strong species turnover in response to late 
20th century warming. 
Furthermore, small mountain lake systems are also potentially valuable as indicators of 
likely impacts of future climate change, by analogy to past changes archived in their sediments. 
For instance, it is likely that the US Southwest is trending towards greater aridity over the 
coming century, due to changes in prevailing precipitation patterns associated with northern 
Pacific Ocean circulation (Prein et al., 2016). Higher temperature, which is projected to increase 
over Utah by 2.5-5.3°C over the next century (Kunkel et al., 2013) is an exacerbating factor. In a 
detailed forecast using several climate models, Cook, Ault, & Smerdon (2015) predict a “hot 
drought” scenario over the next century for the Southwest on par with, or greater than, the most 
severe drought of the MCA​. 
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4 Appendix 
4.1 Supplementary information for Chapter 1 
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Figure S4.1.1.  The difference between the 21-year rolling average of counted days within the 
growing season (1 May to 31 October) for each site and its local 850-1449 CE ensemble mean 
for which the minimum daily temperature was 0°C or below (A) and 21-yr rolling standard 
deviation (B). 
 
The figure below is a replication of Fig. 1.5 in the text, with the addition of the 2-sigma 
“occupation-abandonment” histogram. 
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 Figure S4.1.2. (A) Variability, in terms of standard deviation, of CESM-computed cumulative 
growing degree days (cGDD) for all sites in the Fremont database, computed in a 21-year 
moving window. (B) Aggregated summed probability distribution (SPD) for all Fremont sites 
within SPD​2𝜎​ and SPD​1𝜎​ determined bounds, overlaid by LOESS models. Histograms (C) and 
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(D) lower- and upper-bounds of time series (i.e., “onset” and “abandonment” dates) for SPD​2𝜎 
and SPD​1𝜎​, respectively, between 850-1449 CE. 
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Figure S4.1.3. Annual precipitation (mm/yr) based on tree rings and radiocarbon-based SPD​1σ 
for Great Salt Lake sites. Red curve is LOESS model additionally weighted by SPD densities. 
PPT data from: Bocinsky et al. (2016). 
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Figure S4.1.4. Annual precipitation (mm/yr) based on tree rings and radiocarbon-based SPD​1σ 
for Uinta Basin sites (top). Red curve is LOESS model additionally weighted by SPD densities. 
PPT data from: Bocinsky et al. (2016). 
 
The SPD for all Fremont sites and northern hemisphere temperature anomalies were 
remarkably consistent. Below, we apply a few methods to gauge the similarity of these 
distributions. The complete series correlated highly and significantly with one another, although 
because the series are non-stationary, only the correlation of the series’ first-differences is 
mentioned in the text. We also expect there to be time-dependent biases in the SPD due to 
differences in the precision of radiocarbon dating methods over time, old carbon in some dated 
materials and not in others, and variations in quality control and sample contamination among 
so many different researchers. First, we ran an algorithm which finds the Spearman rank 
correlation (rho) between the two time series, over a range of 50 years. Rho of 1 indicates the 
curves are similarly shaped over the range; rho of -1 indicates that they are differently shaped; 
rho of 0 is no similarity in the patterns. Because of the time-varying lags, we next used a method 
called dynamic time warping (DTW) which is commonly used to discriminate similar signals 
which have been variously compressed in time. 
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 Figure S4.1.5. Test of similarity of the Fremont SPD and Moberg et al. (2005) LF signal. Light 
purple shows rank correlation with p < 0.01 and dark purple, with p < 0.001. 
 
Figure S4.1.6. Three-way alignment plot to visualize the dynamic time-warping (DTW) correction 
curve which maps SPD onto the low-frequency proxy signal of northern hemisphere 
temperature anomalies from Moberg et al. (2005). 
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 Figure S4.1.7. DTW transformation curve. 
 
Figure S4.1.8. DTW correction curve with 2-D graphical rendering of correction matrix. 
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 Figure S4.1.9. Workflow diagram showing integration of datasets (light grey blocks), 
manipulation steps (purple blocks), and analytical products (dark grey blocks). CESM, PRISM 
and R-2 datasets are publicly available online; our 14C age data (“radiocarbon dates”) are 
retrievable from published and unpublished sources (see supplementary material). 
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 Figure S4.1.10. Replication of Fig. 1.4 C/D in the text with the addition of bin populations. 
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 Figure S4.1.11. Mean cGDD (850-1449 CE) for ensemble mean cGDD of all Fremont site 
locations in the dataset. Modern hybrid corn reaches maturity after about 1480 cGDD (10/30°C). 
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 Figure S4.1.12. Time-series of (a) mean cGDD, (b) sigma cGDD, (c) site elevation, and (d) 
skewness of cGDD distribution computed within the bounds of uncertainty given by the 
radiocarbon age calibration for the Great Salt Lake littoral Fremont sites. The scale and opacity 
of each point marker correspond to the proportion of the calibrated radiocarbon age probability 
distribution within certain bounds of age uncertainty specified by Bchron.} 
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Figure S4.1.13. Pearson’s correlation coefficient for SPD of 19 normally distributed calendar 
age radiocarbon maize dates from Range Creek provided by Metcalfe (pc) and BCSD 
CESM-derived cGDD for upper (-0.42), middle (-0.41), and lower (-0.42) elevation sites along 
the Range Creek reach. All p-values << 0.001. 
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Figure S4.1.14. Time-series of 21-year moving window computations of (a) mean cGDD and (b) 
cGDD standard deviation, generated from BCSD CESM; and (c) SPD with LOESS smooth, 
generated from calibrated radiocarbon ages of Fremont material artifacts. The cGDD and SPD 
plots are generated from independent datasets. 
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 Figure S4.1.15. Mean elevation of Fremont AP sites fell from 1791 to 1741 m asl (p < 0.0001), a 
descent of 22.7-75.8 m (95% CI), between ~1120-1200 CE. This coincided with a dramatic cold 
temperature excursion ~1100-1150 CE in a tree-ring derived warm season temperature 
reconstruction of the southern Colorado Plateau (Christensen and Ljungqvist 2009). 
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Figure S4.1.16. Flood map (1% likelihood) for the Colorado Plateau. Map by Cloudy Xu. Data: 
USGS. 
 
Table S4.1.1. Utah “Indian corn” crop production according historical United States census data 
and the USDA. 
Year 
Maize crop 
(bushels) Acres 
Mean 
bushels 
per acre 
Mean 
tonnes per 
hectare Type Source 
1859 90482 unknown NA NA "Indian corn" 
Kennedy, J.C., 1864. Agriculture of the United 
States in 1860. p. 181 
1869 95557 unknown NA NA "Indian corn" 
Walker, F. A. 1872. Ninth Census -- Volume III. 
The Statistics of the Wealth and Industry of the 
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United States ... from the Original Returns of the 
Ninth Census (June 1, 1870). Washington. p. 
263. 
1879 163342 12007 13.6 0.85 "Indian corn" 
Walker, F. A. and C. W. Seaton. 1883. Report of 
the Productions of Agriculture as Reported in the 
Tenth Census (June 1, 1880). Washington. p. 
90-110. 
1889 84760 5782 14.7 0.92 "Indian corn" 
Porter, R. P. and Wright, C. D. 1895. Report on 
the Statistics of Agriculture in the United States 
at the Eleventh Census: 1890. Washington. p. 
355. 
1899 250020 11517 21.7 1.36 "Indian corn" 
Merriam, W. R. 1902. Twelfth Census of the 
United States Taken in the Year 1900. 
Agriculture, Part 2: Crops and Irrigation. 
Washington. p. 78. 
1909 169688 7267 23.4 1.47 "corn" 
Durand, E. D. Thirteenth Census of the United 
States Taken in the Year 1910, Volume VII, 
Agriculture 1909 and 1910, Reports by States 
with Statistics for Counties, Nebraska-Wyoming, 
Alaska, Hawaii, and Puerto Rico, Washington. p. 
736. 
1919 265361 13848 19.2 1.21 "corn" 
Rogers, S. L. and Steuart, W. M. 1922. 
Fourteenth Census of the United States, Taken 
in the Year 1920, Volume V, Agriculture, General 
Report and Analytical Tables, Washington. p. 
739. 
1924 166702 7289 22.9 1.44 
"corn, harvested 
for grain" 
Steuart, W. M. 1925. United States Census of 
Agriculture 1925, Reports for States, with 
Statistics for Counties and a Summary of the 
United States, Part III: the Western States, 
Washington, p. 328. 
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1929 232123 7294 31.8 2 
"corn, harvested 
for grain" 
Steuart, W. M. 1930. Fifteenth Census of the 
United States: 1930, Agriculture, Part III: the 
Western States, Washington, p. 368. 
1934 89215 5328 16.7 1.05 
"corn, harvested 
for grain" 
Austin, W. L. 1936. United States Census of 
Agriculture: 1935, Washington, p. 889. 
1939 231695 9211 25.2 1.58 
"corn, harvested 
for grain" 
Capt, J. C. and Austin, W. L. 1942. Sixteenth 
Census of the United States: 1940, Agriculture, 
Volume 1, First and Second Series State 
Reports, Part 6, Washington, p. 434. 
1944 142065 4570 31.1 1.95 
"corn, harvested 
for grain" 
Capt, J. C. 1946. United States Census of 
Agriculture: 1945, Volume I, Part 31, Utah and 
Nevada, Washington, p. 5. 
1949 136228 4357 31.3 1.96 
"corn, harvested 
for grain" 
Peel, R. V. 1952. United States Census of 
Agriculture: 1950, Counties and State Economic 
Areas, Utah and Nevada, Washington, p. 12. 
1953 158992 2816 56.5 3.55 
"corn, harvested 
for grain" 
Burgess, R. W. 1956. United States Census of 
Agriculture: 1954, Volume 1, Counties and State 
Economic Areas, Part 31, Utah and Nevada, 
Washington, p. 30. 
1958 276487 4232 65.3 4.1 
"corn, harvested 
for grain" 
Scammon, R. M. and Burgess, R. W. 1961. US 
Census of Agriculture: 1959, Final Report, Vol. 1, 
Part 44, Utah, Washington, p. 20. 
1963 169497 2344 72.3 4.54 
"corn, harvested 
for grain" 
Eckler, A. R. 1964. 1964 United States Census 
of Agriculture, Volume 1, Part 44, Utah, p. 14. 
1968 471655 5423 87 5.46 
"field corn, 
harvested for 
grain" 
Brown, G. H. 1972. 1969 Census of Agriculture, 
Volume 1, Area Reports, Part 44, Utah, p. 20. 
1973 787005 10056 78.3 4.91 
"field corn, 
harvested for 
grain" 
Plotkin, M. D. 1977. 1974 Census of Agriculture, 
Volume 1, Part 44, Utah, State and County Data, 
Washington, 11-16. 
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1977 1194596 14693 81.3 5.1 
"corn for grain or 
seed" 
Levine, D. B. 1981. 1978 Census of Agriculture, 
Volume 1, State and County Data, Part 44, Utah, 
AC78-A-44, Washington, p. 139. 
1981 1617750 15118 107 6.72 
"corn for grain or 
seed" 
Keane, J. G. 1984. 1982 Census of Agriculture, 
AC82-8-44, Volume 1, Geographic Area Studies, 
Part 44, Utah, State and County Data, 
Washington, p. 212. 
1986 2559872 18930 135.2 8.49 
"corn for grain or 
seed" 
Kincannon, C. L. Census of agriculture. 1989. 
1987 census of agriculture, AC87-A-44, Volume 
1, Geographic Area Series, Part 44, Utah, State 
and County Data, Washington, p. 36. 
1991 2392540 19142 125 7.85 
"corn for grain or 
seed" 
United States Census Bureau. 1995. 1992 
Census of Agriculture, Volume 1, Geographic 
Area Series, Part 44, Utah, Washington, p. 37. 
1996 2533052 17200 147.3 9.25 
"corn for grain or 
seed" 
United States Census Bureau. 1999. 1997 
Census of Agriculture, Volume 1, Geographic 
Area Series, Part 44, Utah, Washington, p. 39. 
2001 2134158 14999 142.3 8.93 "corn for grain" 
United States Census Bureau. 2004. 2002 
Census of Agriculture, Volume 1, Geographic 
Area Series, Part 44, Utah, Washington, p. 6. 
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 Figure S4.1.17. Maize crop yield for the state of Utah, with data from the US Department of 
Agriculture and historical agricultural census. 
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4.2 Supplementary information for Chapter 2 
We noticed correspondences between the shapes and durations of SPDs and the maize 
yield productivity curves. This is notable because they are independent data sets: the SPDs 
derived from radiocarbon date information; the yield curves from downscaled climatologies. The 
only connection they have within our analysis is in the attribution of start dates for crop 
simulations, determined by the earliest year of the site’s ​SPD​2𝜎​. We plotted the difference 
between the earliest and latest years of each site’s ​SPD​2𝜎​ ​against a measure of the same site’s 
productivity decline, here the period over which productivity drops to 50% of its initial value, 
its “half-life”. Between 10-37% of sites may be analysed in terms of their half-lifes, depending 
on strategy. The correlation coefficients and their significance are given in table S5.2.1. 
116 
 Figure S4.2.1. Scatter plots displaying SPD occupation duration (the difference between the 
onset and abandonment ages) against the time taken for crop yield to decline to 50% of its 
initial value, irrespective of that value, for the irrigated case of all management strategies. A 
minority of sites did not follow the “half-life” pattern and were excluded from this analysis. 
Correlation coefficients are given in Table S5.2.1. 
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Table S4.2.1. Pearson correlation coefficient for all Fremont sites  
STRATEGY  HALF LIFE  Pearson’s r  p-VALUE  DEGREES OF 
FREEDOM 
IC1  2σ  0.70  0.0077  11 
IC2  2σ  0.80  0.0016  10 
IC3  2σ  0.63  8.0✕10​-5  31 
IC4  2σ  0.57  9.9✕10​-5  39 
MC1  2σ  0.61  1.4✕10​-4  32 
MC2  2σ  0.33  0.21  14 
MS  2σ  0.61  1.4✕10​-4  32 
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4.3 Supplementary information for Chapter 3 
 
Figure S4.3.1. Equipment used for chironomid processing mentioned in methods. 
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 Figure S4.3.2. Alpine Pond core site. Map and image: Google Maps (2014). 
 
 
Figure S4.3.3. Alpine Pond (14-DX-AP) aggregated core. Drives 1-4 were carried out with a 
square rod modified Livingstone corer. Drive 5 was done with a Russian auger. 
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Figure S4.3.4. Alpine Pond core cross-section image, drive 3. 
 
Figure S4.3.5. Alpine Pond core cross-section image, drive 4. 
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 Figure S4.3.6. Blue Lake satellite image with markup including approximate core site location. 
Map and image: Google (2018). 
 
 
Figure S4.3.7. Blue Lake with cardinal point orientation, July 2014. 
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 Figure S4.3.8. Composite panorama image of Denise and Taylor Lakes, with cardinal point 
orientation, from ridgeline to East, taken September 2012. 
 
 
Figure S4.3.9. Preparing to subsample the Denise Lake core. Photo: M. Henderson. 
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